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Wind power is a type of renewable energy source which has vast potential for further 
development as it is featured as pollution-free and plentiful. However, wind power turbines 
also have negative consequences for the environment (in particular visual impact). Therefore, 
wind power bases should be built away from centres of population, and in particular offshore 
where the wind speeds are higher and more consistent. As is known, most of the electric 
energy is consumed in cities, so one needs to find a way to transfer the energy long distances 
efficiently. HVDC transmission lines/cables are often appropriate when wind farms are built 
more than about 80km from the shore. 
This thesis is concentrated on the research of offshore wind farm based Multi-Terminal 
HVDC systems where the Multi-Terminal HVDC system can extract and deliver power from 
and to more than one connection point. In the thesis, the study of a full system PLECS+ 
Simulink simulation model with single or dual branch, including wind model, wind turbine, 
PMSG, PWM rectifier, SAB DC-DC converter, IPOS DC-DC converter, HVDC cables, 
simplified onshore system, are presented, focusing on the investigation of the output ripple 
of multiple DC-DC converters on DC cables with different voltage and power ratings. THD 
and cable AC losses on the DC cables are also monitored and studied in the thesis.  
 
In the hardware part, two different down-scaled DC-DC converter models are built to verify 
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Chapter 1  
Introduction 
1.1 Wind Energy 
Wind energy is a form of solar energy, the kinetic energy caused by the flow of air. The 
surface of the earth is heated unevenly by solar radiation which causes a pressure distribution 
imbalance in the atmosphere. Under the force of the horizontal pressure gradient, the wind 
is formed in the horizontal direction. The history of the utilisation of wind energy can be 
traced back 2000 years ago; however, it did not attract much attention during the past 
thousands of years until 1973, under the pressure of exhausting fossil fuels and the 
deterioration of the global eco-environment. The overall wind energy in the world is about 
2740TW per annum, of which 20TW can be used to generate electricity or be transferred 
into other kinds of energy for human beings [1]. As a type of renewable and pollution free 
energy gifted from nature, wind energy has prodigious development potential, especially in 
the offshore environment, mountainous areas with inconvenient transportation, or the vast 
and sparsely populated prairies [1-3].  
Being abundant in wind power, the exploitation of wind energy in the far offshore 
environment is an attractive topic among researchers. At present, most of the wind power is 
transferred with AC systems, but a DC network has greater advantages over long distance 
transmission [4]. In the study of offshore wind farm based DC systems, the DC voltage at 
different sections of the system can be different, which means DC-DC converters, similar to 
the transformer in an AC system, is essential in the building and development of the system. 
1.2 Previous Research in the Multi-Terminal DC 
System 
When referring to a multi-terminal DC system, several different structures come up into 
mind immediately. In each structure, researchers were looking at the system from different 
aspects. As things stand, there are still very few people investigating the possible issues in 
a full high power system with controlled and detailed models. In this section, a brief 
introduction of the previous research about different multi-terminal DC system is presented. 
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1.2.1 Voltage Source Converter Based Multi-Terminal HVDC 
System 
The development of Voltage Source Converter-High Voltage Direct Current (VSC-HVDC) 
made possible the multi-terminal system shown in Figure 1.2.1 – figure taken from [5]. The 
amount of research about the VSC-HVDC based multi-terminal system is more than any 
other kind of multi-terminal DC system. Based on the system, people are looking at the 
power characteristic, different control methods, as well as DC fault location and isolation, 
[5-10]. Some researchers are monitoring the operating properties of a specific real VSC-
HVDC project and analysing it [11], while others are looking at VSC-HVDC with structure 
modification [12]. 
 
Figure 1.2.1 Single-Line Diagram of Multi-Terminal DC System. SWki-Fast DC Switches 





1.2.2 Wind Farm Based Multi-Terminal DC System with AC 
Collection 
For a wind farm based multi-terminal DC system, most of the research is still focussed on 
the system with AC collection, as shown in the system diagram in Figure 1.2.2 – figure taken 
from [13]. 
 
Figure 1.2.2 Offshore Wind Power Plants Integrated Three-Terminal HVDC System – 
Figure Taken From [13] 
Figure 1.2.2 – figure taken from [13] – shows a multi-terminal HVDC interconnection based 
on three VSCs. AC grid-2 and AC grid-3 are two onshore grids while AC grid-1 is an 
offshore grid. All the power from the offshore Wind Power Plants (OWPP) is collected by 
AC, and the offshore HVDC converter station, Conv-1 in Figure 1.2.2 – figure taken from 
[13] – is applied to connected all the OWPP to the multi-terminal DC system [13]. Based on 
the AC collection system, research and optimization on the frequency control and DC grid 
voltage dips [13-16], reliability modelling methods and sensitivity analysis [17], rapid and 
reliable fault detection scheme study [18], black start study [14] are studied by researchers. 
One common point of nearly all the studies of this type of multi-terminal DC system with 
AC collection is that they are all based on simplified rather than detailed system models.  
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1.2.3 Wind Farm Based Multi-Terminal DC System with DC 
Collection 
There are much fewer previous studies about wind farms based on multi-terminal DC system 
with DC collection compared with AC collection. In  [19] and [20], multi-terminal DC 
systems with partial DC collection, as shown in Figure 1.2.3 – figure taken from [20] – are 
studied. In this kind of system, wind turbines are divided into groups and the AC collection 
is applied within the group while multi-terminal DC collection is applied between groups. 
In [19], the influence of the connected AC grid and the control system for the economic and 
reliable operation of the multi-terminal DC system is investigated; in [20], the study is 
concentrated on the dynamic interaction between the multi-terminal DC and the AC power 
system. 
 
Figure 1.2.3 AC power System with an MTDC – Figure Taken From [20] 
As for the system in which DC collection is applied to each wind turbine, only very few 
studies can be found. In [21, 22], a DC fault study of the system shown in Figure 1.2.4 – 
figure taken from [22] – are presented. In [23], LCC resonant converter is used as the power 
DC-DC converter in a multi-terminal system, and a system model with the single turbine is 
built and studied, to prove the feasibility of the resonant converter. By contrast, this research 
is more featured in the ousting passive components at the high voltage or high current side 
and the interaction between numbers of DC-DC converters at the multi-connected cables. In 
[24], a control method is proposed to minimise the circulating reactive power while each 





Figure 1.2.4 DC wind farm topology with switchgear configuration: (a) star collection;   
(b) string collection – Figure Taken From [22] 
1.2.4 Multi-Terminal DC System on Ship 
The advancements in VSC are benefiting power conversion in the DC network of the 
Medium Voltage Direct Current (MVDC) ship power system. Different from the traditional 
VSC-HVDC multi-terminal system or offshore wind farm based multi-terminal DC system, 
the multi-terminal DC system on ships always work with lower voltage and power rating, 
with typical values of 3 kV to 10 kV and 7 MW to 30 MW, interconnected multi-zones, 
different loads and all the equipment is always tightly-coupled [25-28]. Figure 1.2.5 – figure 
taken from [29] – provides an example of the MVDC architecture on a ship. A more detailed 




Figure 1.2.5 MVDC Ship Power System Architecture – Figure Taken From [29] 
1.3 Previous Research of the Ripple and Its 
Related Effects in Power Electronic Systems 
Unwanted ripple in the system is always a major issue when building a power electronics 
based network, and may lead to a series of issues like high losses, and the generation of 
Electro Magnetic Interference (EMI) [30]. In this section, a brief discussion about previous 
research on the ripple content and its related effects in power electronics and power systems 
are presented, and the difference between the ripple study in this PhD research and previous 
research is mentioned. 
1.3.1 Ripple Studies in DC/AC Converters 
High power high voltage DC/AC converters are always an essential constituent part in a 
high power DC system, and lead to the injection of ripple content in the system during the 
operation. In [31-34], solutions for the ripple instability and different control methods are 
proposed to reduce the ripple content at the input or output DC side of the converters, as 
exampled in Figure 1.3.1 – figure taken from [33]. However, all these researches are only 
based on single or low number converters and the ripple effects on the overall system are 
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not monitored. Also the converter power rating and switching frequency can be significantly 
different from the type applied in a high power DC system. 
 
Figure 1.3.1 Circuit Configuration of a Two-Stage Inverter – Figure Taken From [33] 
1.3.2 DC Link Ripple Content 
In most DC power systems, generators, AC-DC rectifiers and other power electronic devices 
are necessary for the proper operation of the system. They can introduce ripple content into 
the DC grid, while large input ripple currents on the DC link can have a backward influence 
such as increase the heating and ripple torque of the Permanent Magnet Synchronous 
Generator (PMSG) [35]. In most of the research related to the ripple content on the DC link, 
different methods, such as applying optimised DC link filters, or innovative control 
strategies, are used to reduce the ripple content [35, 36]. People also develop new methods 
to investigate the DC link ripple content, and monitor, analyse and try to reduce them when 
different power electronic devices are put into the system [37, 38]. One common 
characteristic of these studies is that they are all still based on a simplified system with a 
single machine or a simplified wind farm, and the effect at a special point is always looked 
at in detail. In this research, the impact on the ripple content from multiple devices and more 
than one turbines in the whole system is studied.  
1.3.3 The Application of DC Side Capacitors in the DC System 
The DC side capacitors in the DC system always play an important role to act as an energy 
buffer to stabilize the DC link voltage and reduce the ripple content. Bulk capacitors can 
help to reduce the ripple content efficiently, at the cost of higher size and price, as well as 
reduce reliability because of their short lifetime expectancy [32, 39]. When researchers are 
looking at the DC link ripple content or voltage oscillation, the effect of capacitors are 
always take into consideration. In [39], a novel DC link voltage stabilization algorithm is 
proposed to reduce the size of the capacitor, while in [33], an innovative control method is 
8 
 
applied to reduce the ripple content by the application of suitable capacitors. In this research, 
as in [31, 32], it is suggested that the size of the capacitors can be determined for a desired 
ripple performance on either the high voltage or the low voltage side, but this research also 
proposes different selection criteria for the capacitors according to the types of DC-DC 
converters. Moreover, most of the previous researches are still based on the single converter 
or a simplified DC system [31-33, 39], while the application of DC link capacitors to limit 
the ripple content are studied in a detailed wind power system in this research. 
1.3.4 Total Harmonic Distortion Study in DC System 
Total Harmonic Distortion (THD) is an important parameter in a power system and the value 
of it should be kept as small as possible. Lower THD in a system means better power factor, 
lower ripple content and losses [40]. It is a concept discussed mostly in AC systems, but a 
few researchers look at it in DC systems. In [41-44], different methods, like adding virtual 
damping impedance and an innovation converter structure, are used to minimize the THD. 
All these studies are still based on the simplified DC system or single AC-DC/DC-AC 
converter, and the THD is only analysed at the AC side. In this research, the THD on the 
DC cables are calculated with the nominal cable DC voltage rating chosen as the base value, 
in order to monitor if it is within the required limits, as proposed in the study of [45].  
1.3.5 Research on Losses in DC System  
The previous research of the losses in DC power systems is separated into two parts for 
discussion. First is the detailed study of the losses on converters applied in the DC power 
system, and second is the losses on DC transmission cables.  
1.3.5.1 Losses in Converter Semiconductor Devices and Transformers Applied 
in DC system 
The efficiency is a key point to evaluate the feasibility of a power system. In a DC grid, due 
to the application of different kinds of converters and power electronic devices, any losses 
caused by them should be investigated. The precise modelling of components like magnetic 
core can be used to predict the losses more accurately [46], while the study on the snubbers 
can help to reduce the switching losses [47]. New types of DC-DC converters have been 
proposed to reduce the circulating current/losses in the converter [48], and high efficiency 
converters are put into the DC system and their operating characteristics are monitored [49]. 
Detailed models of semiconductor devices or transformers can be found in these studies, 
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notwithstanding, all the research is still concentrated on a single converter or a simplified 
DC power system. In this research, although the component modelling is not covered in 
detail, full models of the power electronic circuits are included. 
1.3.5.2 Cable Losses/Efficiency in DC Links 
When studying the transmission losses in a DC power system, most of the previous research 
is concentrated on the optimal power flow control, especially in a multi-terminal DC system 
or DC micro grid. In these studies, people are focusing on the control strategies and 
mathematic models of the system, and optimum power flow computes optimal voltages and 
communicates with the grid side converter to minimize the losses in the power transmission 
to the AC grid [50-53]. In this research, the losses are studied in a different way. Instead of 
optimum power flow, AC losses caused by different harmonic frequencies in DC 
transmission cables in a detailed modelling offshore windfarm based multi-terminal DC 
system are calculated to verify the system under different cases as well as to optimize the 
operation structure. The previous research results about detailed cable modelling [45] is used 
in this cable losses study. 
1.3.6 Ripple Effects on Electro Magnetic Interference 
In a power system or circuit, the high frequency ripple content can cause high Electro 
Magnetic Interference (EMI), or noise [54]. Most of the previous research of EMI are 
centralized on low power low voltage systems, like portable charging applications of 
smartphones [55]. As for the EMI related study on a DC circuit, the effects are mainly 
studied within low voltage low power DC-DC converters, like the ones used in an electric 
vehicle. In [56, 57], innovative control methods and different modulation schemes are 
studied in order to reduce the EMI in the DC-DC converter. In other research, novel active 
filters, which can achieve significant EMI attenuation, are proposed to replace the traditional 
passive EMI filters to reduce the overall cost and size of the converter [54, 58]. EMI is not 
studied in depth in this PhD, but the high frequency ripple content on DC cables are 
monitored. 
 




Much research work has been down about different multi-terminal DC systems, as 
concluded in section 1.2. In this PhD research, an innovative offshore wind farm based 
multi-terminal DC system is proposed and studied, concentrating on the AC ripple content 
particularly in the DC cables at different sections, as shown in Figure 1.4.1. Based on the 
system, areas in which previous work are not covered is given in this section, and is the key 
study point of this PhD research. 
1.4.1 Application of High Power DC-DC converters 
Most of the previous work about Multi-terminal DC systems is based on AC collection 
where DC is only used between AC collected wind farms. Even in systems in which the 
individual wind turbine outputs are rectified and stepped up by DC-DC converters, the 
application of high power DC-DC converters are always just in one stage [5-22]. In this 
study, a DC collection as well as DC transmission system is presented, and the utilization of 
the high power DC-DC converters at different stages of the system is an innovative point. 
As DC-DC converters can introduce much higher harmonics compared with the traditional 
12 pulse bridge based DC link, the study of the AC ripple content on the DC link is important: 
more so than in the 12 pulsed bridge based multi-terminal DC system. 
1.4.2 Detailed Study of the Entire Offshore Wind Farm Multi-
Terminal DC System 
Several years’ research work have been done in the University of Edinburgh on the 
innovation power system shown in Figure 1.4.1. Yao Zhou and Tom Wood, two previous 
PhD students in the University of Edinburgh sponsored by GE Power Conversion, also 
studied aspects of the system during their research period. In Yao’s work, the detailed study 
of different types of multi-MW DC-DC converters are presented, but their performance in 
the system was not studied. Moreover, as all the DC-DC converters are open-loop controlled, 
so the dynamic performance of the high power high voltage DC-DC converters are also not 
investigated [59]. 
Tom wood’s study is concentrated on the interaction between DC/DC converters and 
submarine power cables in an offshore wind farm DC network. He has detailed cable models 
in his work and analyses the AC losses on the DC cables caused by harmonics at different 
frequencies. However, in his work, any devices connected in the previous stage, like the 
wind turbine, Permanent Magnet Synchronous Generator (PMSG) and Pulse Width 
Modulation (PWM) rectifier, are simplified to a single current source with manually set 
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parameters. So in his research, the effect of the wind speed or the real effect of the DC-DC 
converters on cable AC losses cannot be monitored and analysed [45]. 
Following on from Zhou’s and Wood’s work, in this PhD project, a full detailed closed loop 
controlled offshore wind farm based multi-terminal system with different types of DC-DC 
converters are built in a Simulink-PLECS combined model. Both the steady state and 
dynamic performance of the high power DC-DC converters and their effects on the cable 
AC losses are monitored and compared under different situations. Additionally, the cable 
AC losses under different wind conditions and wind farm structures are studied to select the 
best structure and to analyse the relationship between wind speed and power transferred and 
AC losses. 
The detailed model and control circuit of the whole wind farm based multi-terminal DC 
system is necessary in this study. First, it can be used to compare the power transfer ability 
of different wind farm structures, once the surrounding wind environment is estimated. 
Second, different Input Series Input Parallel Output Series (ISIPOS) converter structures are 
proposed and compared in the research. As expected, identical Three Phase ISIPOS 
converter works better than the other two, under any wind conditions. Third, before the 
research, it was expected that the higher the wind speed or the higher the changing rate of 
the wind speed, the higher the DC voltage ripple/AC losses induced in the DC cables. 
However, it is found that the ripple/AC losses on the cables connecting the turbines are in 
proportion to the total power absorbed by the wind turbines, but their value on the long 
transmission cables to the shore is always constant. Finally, the combined wind model with 
speed higher than the cut off wind speed can be used to monitor the voltage ripple/AC losses 
on the DC cables during the cut off. The value of ripple/losses are expected to have 
significant changes during cut off, while the study results shows that the ripple/losses 





Figure 1.4.1 Wind Farm Based Multi-Terminal HVDC System: 200~1000 MW in Real 






1.4.3 Study of the AC Harmonics on DC Cables 
From section 1.3, it is clear that most of the previous research of the ripple content and its 
related effects in DC system are mainly concentrated on simplified systems or systems with 
just a single converter, and innovation control methods are applied in most of them to reduce 
the unwanted effects. Different from these previous researches, the DC voltage ripple 
content and AC losses on the DC link under different wind condition, wind farm structures 
and DC-DC converters are monitored, in a fully controlled system. The operation of different 
DC-DC converter structures are compared, while their advantages and drawbacks during the 
system operation can be learnt. Moreover, the effects of the wind speed, wind rate and power 
transferred on the DC ripple content and AC losses on the DC cables in the system can be 
studied, and providing suggestions for future research about the level of details needed in 
the model. 
1.5 Thesis and Contribution to Knowledge 
The proposed use of multiple and different DC-DC converters to step up the voltage in a 
multi-connected offshore DC grid is a new solution to collect power from a large offshore 
wind farm. Therefore, careful study of the whole system is necessary before any possible 
application in the real world, to identify any challenges or limitations during the operation 
of the system. 
The study and application of high voltage high power DC-DC converters is a vital part of 
the overall study of the whole system. Zhou did excellent work on the study of these 
converters, and his work is used in this thesis to identify appropriate types of DC-DC 
converter in the detailed simulation system [59]. 
A detailed model of the entire controlled generating system is built and studied in the thesis. 
Utilising the advantages of PLECS, which is outstanding software for the simulation of 
power electronic circuits, no small signal or simplified equivalent models are applied in the 
system, and all the study is based on detailed and real models of the semiconductor elements 
and almost ideal transformers, which can help to provide more realistic simulation results 
and better understanding of the system. However, this type of detailed system should have 
a relatively fast sample rate to guarantee its accuracy and it is very easy to exceed the 
maximum number of iterations. The choice of a suitable refine factor in PLECS is tedious, 
while the simulation speed of the model can be very slow as well. 
The practical results of the research include: 
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 A study of all the main types of high power DC-DC converter to select the most 
applicable types for an offshore wind farm based DC system to minimize the AC 
losses/ripple content. Detailed models of the different converters are built and a 
downscaled simulation is verified by the hardware work. 
 Gathering and collating the most up-to-date technical information by literature 
survey and by visiting and meeting with researchers from all over the world. 
 Defining the most suitable structure for the 5MW DC-DC converter to step up the 
voltage from individual wind turbines. 
 Investigating the requirements for filters at different sections of the multi-connected 
system to limit the DC voltage ripple content and AC losses on DC cables. 
 Defining the concept of Total Relative AC Losses and presenting a simplified AC 
efficiency study of the whole system. 
 A study and analysis of a single branch system under steady, but different, wind 
speeds and with different wind farm structures. 
 A discussion of a novel and improved wind farm structure for the offshore wind 
farm based multi-terminal DC system. 
 A study and analysis of a double branch system under different variable wind speed 
conditions including during cut off. 
 A comparison of the application of different Input Series Input Parallel Output 
Series (ISIPOS) converter structures in the system under different conditions. 
 A discussion of an appropriate method for obtaining power from the system during 
a black start. 
All the design method and simulation results provided in the thesis have applications beyond 
the work done during the PhD period, including increasing the number of turbines, more 
branches in the system, expanding the structure of the Input Parallel Output Series (IPOS) 
converter, working with different wind farm structure or wind speed environment, and 
testing and analysis of the reaction of an onshore system under different wind situations. 
1.6 Validation and Verification 
Due to the power, voltage rating and complexity of the system, 1:1 experimental validation 
is not possible. Downscaled full system experimental work can also be a significant 
challenge because of the complexity of the system and control circuit. Therefore, 
downscaled experimental model of part of the system is used for the verification. In this 
thesis, two principal downscaled experiments works are provided in Chapter 3:  
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 In section 3.6.1, a downscaled Three-Phase DC-DC converter is built and tested. 
The frequency of the converter is increased to maintain similar proportions with the 
high power high voltage converter in the real system. A simulation model of the 
downscaled converter is also built in PLECS and the simulation results compared 
well with the hardware test results. 
 In section 3.6.2, a downscaled Single Active Bridge (SAB) DC-DC converter is built 
and tested. The frequency of the converter is increased to maintain similar 
proportions with the high power high voltage converter in the real system. The 
frequency of the SAB in the high power system simulation model is three times that 
of the Three Phase converter, and the frequency of the downscaled SAB converter 
hardware work is also three times that of the Three phase converter hardware circuit. 
A simulation model of the downscaled converter is also built in Simulink-PLECS 
and the simulation results compared well with the hardware test results. 
The transient test of the experimental work is also displayed in section 3.6.2 to 
validate the controllability of the circuit.  
1.7 Thesis Outline 
It needs to be noted that, all the relative losses or equivalent real losses discussed in the 
thesis are AC losses rather than DC losses, although the system under research in this thesis 
is an HVDC system.                                                                                                                      
This thesis consists of seven chapters: 
Chapter 2 provides some general background information of the research, including an 
introduction to offshore wind farms, HVDC submarine cables and different multi-terminal 
DC systems. 
In Chapter 3, different types of high power DC-DC converter are studied and discussed. The 
most attractive converters are studied in detail, by both simulation and hardware test. 
In Chapter 4, the whole offshore windfarm based multi-connected system is discussed 
section by section. The simulation model of each section is built, studied and explained. 
In chapter 5, a comprehensive study of the system based on the DC voltage ripple and AC 
losses on cables under different wind conditions, number of turbines, number of branches, 
wind farm structure, the value of filters and IPOS converter structures are presented. 
Comparison and discussion of the system under the variation of one or more conditions is 
provided section by section. 
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Chapter 2  
Background 
2.1 Offshore Windfarms 
2.1.1 Offshore Wind Farms On World Stage 
In recent decades, offshore wind power on the world stage developed rapidly after the first 
offshore wind farm was commissioned in Denmark in 1991. Figure 2.1.1 – figure taken from 
[60] – shows the growth of the worldwide annual installed and operating capacity of offshore 
wind from 2011-2015. During this period, as time went on, the new wind farms always have 
higher rated power, a longer distance from the shore, built in deeper waters, and operated 
with higher wind speed than the previous versions [60, 61]. 
 
Figure 2.1.1 Global Annual Installed Capacity and Operating Capacity of Offshore Wind, 
2011-2015 – Figure Taken From [60] 
At the end of 2015, the total operating capacity of wind farms in Europe was about 11.2 GW, 
with the UK providing half of the power generation and another 30% was in German waters. 
In the same year, offshore wind energy provided about 1.6% of the European electrical 
power and approximately 6.9% of Europe’s renewable electricity generation [60].  
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2.1.2 Wind Farm Structure 
2.1.2.1 Array Structure 
Figure 2.1.2 – figure taken from [62] – shows the detailed plan view of Lillgrund Wind Farm 
located at Øresund strait between Sweden and Denmark, which is an example of a wind 
farm in an array structure. 
 
Figure 2.1.2 Lillgrund Wind Farm – Figure Taken From [62] 
Figure 2.1.3 – figure taking from [62] – gives the simulation results of the Lillgrund Wind 
Farm with the wind direction shown in the top right corner. In Figure 2.1.3, the black sticks 
represent the wind turbines and all other colors shows the different wind speed at different 
position of the wind farm, with the assistance of the color scale. It is clear that the upstream 
wind turbine can receive higher wind speed and power than the downstream wind turbine, 
due to the wake effect. It also can be seen that a gust can pass through the outer wind turbine 





Figure 2.1.3 Simulation of the Lillgrund Wind Farm – Figure Taken From [62] 
2.1.2.2 Circular Structure 
 





Figure 2.1.4 displays a concept graph of a circular wind farm. This type of structure has just 
been studied for a few years and has not been built in real life yet. The circular wind farm 
can be regarded as the composition of concentric circles, and turbines are installed on the 
circumferences of these rings. X, which obeys the 5D principle1, in Figure 2.1.4 represents 
the distance between two adjacent turbines on the same circumference. Another rule that 
needs to be mentioned here is that the radius difference between two adjacent concentric 
circles should be set to at least ten times X to guarantee the whole wind farm works properly. 
Compared with the array structure, one significant advantage of the circular wind farm is 
that under wind stream from any direction, the wind speed, or power, received by turbines 
constructed on the same ring is the same. In other word, wake effect and turbulence are 
eliminated dramatically, and a more straightforward control method can be applied. As for 
the disadvantages, a circular structure wind farm needs more space, and few longer 
submarine cables are necessary to connect the turbines in different circumferences. 
[The information about the circular structure is learnt in one Institute for Energy System 
(IES) seminar (University of Edinburgh) presented by Prof. Yu-Ting Wu from National 
Cheng Kung University. There has no publicised reference of the circular wind farm 
structure yet.] 
In this PhD research, both the array structure and circular structure are studied in the multi-
terminal DC system in Chapter 5. 
2.2 Open Sea Offshore Wind Farms in UK 
The total electric power generated by offshore wind farms in the UK is higher than any other 
country in the world. There are 26 offshore wind farms in the UK, while altogether there are 
18 offshore wind farms in other countries. Currently, around 5% of the UK electricity 
requirements are relying on offshore wind power, and this number is expected to rise to 10% 
by 2020 [63].  
Figure 2.2.1 – figure taken from [64] – shows nine new offshore wind farm zones in the UK. 
It creates one of the most significant offshore wind energy projects in the world, and the 
construction was started in 2014. These projects not only can generate up to 32 GW of power, 
and supply a quarter of the UK's electricity needs, but also can support up to 70000 jobs by 
                                                     
15D Principle: Typical turbine placement is at least 5D and always between 5D-8D, which 





2020 [64]. The offshore wind energy industry is at the heart of the UK commitment to the 
Paris Agreement, as Prime Minister Teresa May promised at the G7 in 2017 [65]. 
 
Figure 2.2.1 Offshore UK Wind Farm Zones – Figure Taken From [64] 
2.3 HVDC Submarine Cables 
The development of HVDC power transmission started around the middle of the 1920s. In 
1954, ASEA (as ABB was then known) built the first commercial HVDC link, which 
transferred power between the mainland of Sweden and the island of Gotland. Since then, 
the maximum voltage level for HVDC has increased dramatically, as shown in Figure 2.3.1 





Figure 2.3.1 Development of Maximum Voltage for HVDC – Figure Taken From [66] 
2.3.1 Submarine Cable Structure 
Figure 2.3.2 – figure taking from [67] shows the detailed structure of an 80kV HVDC 
submarine cable. This type of cross-linked polyethylene insulated DC submarine cable is 
mainly used in VSC (Voltage Source Converter)-HVDC systems. It is also widely applied 
in open sea offshore wind farm generating systems, and sizeable offshore oil and gas 
platforms [67]. 
 
Figure 2.3.2 Submarine Optic Fibre Composite Power Cable – Figure Taken From [67] 
2.3.2 European Submarine HVDC cables  
At present, the total length of all the HVDC submarine cables in the world is about 8000 km, 
and more than 70% of them, both regarding number and length, are located in adjacent 
European seas, as demonstrated in Figure 2.3.3 – figure taken from [68]. 
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Figure 2.3.3 Submarine Power Cables in Europe – Figure Taken From [68] 
Nearly all of these power cables are less than 300 km in length, as they are constructed to 
connect power systems in different countries separated by small or medium water bodies on 
the same continent. 
In this PhD project, the submarine cables used to connect open sea offshore wind farms and 
the onshore power systems are set to be 100 km in the simulation model, because the typical 
length of the offshore submarine HVDC cables are between 60 km-200 km. 100 km is the 
average value of the typical length [18]. 
2.4 Multi-Terminal Medium Voltage Direct 
Current (MVDC)/HVDC System 
The first VSC-HVDC multi-terminal HVDC system in the world, which consists of three 
converter stations in three different places, went into operation in China in 2013, made 
possible by the development of VSC-HVDC technology. The significant difference between 
the VSC-HVDC and LCC (Line Commutated Converter)-HVDC in a multi-terminal system 
is that VSC-HVDC can have full bidirectional current flow, which overcomes the limitation 
of conventional HVDC systems [69]. 
The application of VSC-HVDC technology has the following benefits [69]: 
a) Saving cost and conversion losses; 
b) Providing enhanced reliability and functionality; 
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c) Multiple converter station combinations becomes possible; 
d) Less visual impact and lower electromagnetic fields; 
e) Easier to expand at a subsequent date; 
f) Connection of asynchronous AC networks.  
2.4.1 Multi-Terminal HVDC System Example Project: NEA800 
Figure 2.4.1 – figure taken from [70] – shows the geographical map and simplified single 
line diagram of NEA800. This four terminal project was put into operation in 2017, with the 
total distance of 1728 km and power rating of 8000 MW. NEA800 is also the first multi-
terminal Ultra High Voltage Direct Current (UHVDC) system in the world, which transmits 
hydroelectric power from the northeast of India to the city of Agra. Based on average 
national consumption, the North East to Agra UHVDC Link can supply enough electricity 
to serve 90 million people [70]. 
 
(a) Geographical Map 
 
(b) Simplified Single Line Diagram 
Figure 2.4.1 NEA800-North East to Agra: Multi-Terminal UHVDC System – Figure 
Taken From [70] 
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 2.4.2 Topologies of Multi-Terminal HVDC System for Offshore 
Wind System 
Figure 2.4.2 – figure taken from [71] – shows three different topologies for a multi-terminal 
HVDC system:F radial topology, star topology and ring topology. Wind farms in ring 
topologies always have the shortest connecting submarine cable distance, and this topology 
allows the isolation of a faulty circuit without interruption of the system. As for the star 
topology, one significant disadvantage is the central node is always a weak point in the 
circuit, as the dependency on it is relatively high [72]. 
In this project, the radial topology is used with several high voltage buses. Different from 
the radial topology in Figure 2.4.2 – figure taken from [71], the novel point of this research 
is the combination of the high power DC-DC converters and the traditional multi-terminal 
radial topology [72]. 
 
 





2.5 Multi-Terminal DC Power Systems on Ships 
A brief introduction to the multi-terminal DC systems on ships has been given in section 
1.2.4. In this part, more detailed information of this type of multi-terminal DC system is 
presented. Figure 2.5.1 – figure taken from [25] – displays a Medium Voltage Direct Current 
(MVDC) ship system model. The model has 10 AC buses connected through 10 VSC to 
other 10 DC buses [25]. The unique characteristic of the multi-terminal DC system on ships, 
and the difference between it and the high power high voltage multi-terminal DC system, can 
be concluded as below: 
a) Both the power and voltage rating of the system on ships is low. The voltage rating 
of the system can be around ±3 kV to ±10 kV [25], while the example of the power 
rating can be find easily in Figure 2.5.1 – figure taken from [25]. In contrast, the 
voltage rating of the offshore wind farm based multi-terminal system can be as high 
as ±200 kV, with power rating typically around 1 GW. 
b) A ship integrated power system always has different zones based on the physical 
layout of distributed loads. There are interconnections between adjacent zones 
which can be modified by the power management controller to provide the optimum 
configuration under different operation modes. The application of the DC-DC 
converter can be seen in different zones of the ship to step the voltage further down, 
to typically 800 V [25, 28]. Because of the lower power and voltage rating, a variety 
of DC-DC converter types can be used in the system, while the application of the 
semiconductor devices, passive components and transformers are straightforward.  
c) Due to the limited space on the ship, different loads and all the equipment are always 
tightly-coupled on the ship, which increases the design difficulty compared to a 
system built in the open area [26]. 
d) The multi-terminal DC system on the ship needs to have the ability to ensure secure 
operation during any contingency. Different from most high power systems that 
always have robust ends connected, any particular architecture of the ship power 
system requires extensive study based on protection, control and stability, without 
any infinite robust system connected as an end [25, 27]. 
e) The combat systems on naval ships, such as rail-guns and high power radars, require 
high power for short intervals of time and are represented as pulsed loads [25]. Pulse 





Figure 2.5.1 MVDC Ships System Model – Figure Taken From [25] 
Overall, compared with most of the high power high voltage multi-terminal DC system, the 
AC and multi-terminal DC system on ships can be marked out as the self-sufficient micro 













Chapter 3  
High Voltage DC-DC Converters for 
Offshore Wind Application 
A DC-DC converter can be regarded as a “DC transformer” as its function is converting a 
source of DC from one voltage level to another. The majority of DC-DC converters 
originated around the 1960s when semiconductor devices became available [73]. In recent 
years, high power high voltage DC-DC converters are attracting increasing interest because 
they can play an essential role in a multi-terminal HVDC system, but have not been built in 
the real world yet. The Machines and Power Electronics group in the University of 
Edinburgh has been researching high power DC-DC converters for about 8 years, 
accumulating a large amount of data for this application. In this chapter, taking the work of 
a previous PhD student [59] as the reference, a brief introduction about different types of 
converters are given and the most suitable types are chosen for intense study. 
3.1 Verification of the DC-DC Converter 
Parameters 
In the innovative offshore windfarm multi-terminal DC system shown in Figure 1.4.1, a 5 
kV-50 kV, 5 MW DC-DC converter is connected after the PWM rectifier before the multi-
terminal connection. The power rating of the converter is set according to the type of wind 
turbine, 5 MW AD5135 [74], used in the research, and the selection of both input and output 
voltages are based on other investigations of high power DC-DC converters for offshore 
wind DC systems [75-79]. For example in [75], 5 kV-50 kV Single Active Bridge (SAB) 
DC-DC converters are connected after the AD-DC rectifier in the offshore multi-terminal 
DC system. 
The selection of the switching frequency of the 5 kV-50 kV DC-DC converters is not only 
limited by the switching losses of the IGBTs but also is affected by the isolation transformers 
in the converters. Taking the core material of high power transformers into consideration, 
the upper frequency of laminated silicon steel is 1 kHz, while the lower limit of  non-crystal 
or nanocrystal is also 1 kHz. Although 1 kHz is a widely used switching frequency for 
similar high power bridge converters in many published papers [75, 77, 78, 80], it still can 
29 
 
be regarded as an “embarrassing frequency”, as it is at the upper limit of silicon steel, and 
the lower limit of non-crystal or nanocrystal [81-87]. So in this study, the switching 
frequency of the 5 kV-50 kV 5MW DC-DC converter is set to be 2 kHz. 
When comparing the transformers in [86-89], it can be seen that for the same power rating, 
when increasing the voltage rating of a transformer, the size and weight of it will increase 
considerably even if the frequency is increased by the same proportion. For example, a 200 
kV 1 kHz transformer can be much larger than a 10 kV, 50 Hz transformer with the same 
power rating, which means a single 5 kV - 50 kV, 5 MW, 2 kHz transformer is not easy to 
be built, especially in a marine environment. So the Input Parallel Output Series Transformer 
(IPOSTs) structure may be necessary for the 5 kV-50 kV 5 MW multi-connected DC-DC 
converter. More study of the structure is presented in section 3.4.3. 
Regarding the application of IGBT switches for the 5 kV-50 kV 5 MW converter, at present, 
the switching frequency rating of a 6.5 kV IGBT is always below 1 kHz [59]. However, 
based on [90], it can be identified that 12 paralleled wire-bond IGBTs package (6.5 kV 275 
A ×12) will be put into manufacture shortly, and a 6.5 kV 2 kA 2 kHz IGBT is a reasonable 
assumption for high power converters in this PhD research. Based on the voltage rating of 
the converter, two IGBTs may need to be connected in series to provide enough voltage 
margin for the operation, but this will not be discussed in detail in this research and a single 
IGBTs will be used in the simulation model. 
The Three Phase DC-DC converter is also studied in this chapter in detail because it can be 
the part of the Input Series Input Parallel Output Series (ISIPOS) converter shown in Figure 
3.1.1. The ISIPOS converter in the system is constructed with a number of individual 
converters because both the I/O voltage and power rating of it are too high to be handled by 
a single converter. However, the parameters of the simulation model of the Three Phase 
converter is set to be higher than it could be in a real system because the number of 
converters in a real high power high voltage ISIPOS converter structure is too high to be 
achieved in the simulation model. In this simulation study, only the Input Parallel Output 
Series (IPOS) converter with three individual converters is put into simulation instead of a 
full ISIPOS converter, so a 50 kV- 150 kV 10 MW Three Phase DC-DC converter is 
simulated in this section. The selection of the input and output voltages is based on the output 
voltage of the 5 MW converter connected at the previous stage and the voltage rating of the 
long transmission cable connected after it. The 10 MW power rating is put into the 
simulation only because there are six 5 MW wind turbines in the simulation model, and 3 
single converters are applied for the IPOS converter structure. It should be noted that both 
30 
 
the power rating and the output voltage rating of the converters used in the ISIPOS converter 
structure can be varying according to the number of wind turbines and the structure of the 
ISIPOS converter in the simulation model. 
In a real world system, the input voltage, output voltage and power rating of the Three Phase 
converter applied in the ISIPOS converter structure can be varied. All these parameters 
depend on the total number of converters used for the ISIPOS converter structure and the 
total power transferred. According to the previous research of the similar Three Phase high 
power DC-DC converter [80, 91], it is suggested that the 5 kV- 15 kV Three Phase DC-DC 
converter is suitable for the ISIPOS converter structure in this research, with a power rating 
of around 5 MW. 
The switching frequency of the Three Phase converter in the simulation model is set to be 
667 Hz, to leave a margin from the upper frequency limit of silicon steel/iron, as well as 
synchronise its output ripple frequency with that of the Single Active Bridge converter, 
which may be connected in series with it. More detailed information about the ISIPOS 






Figure 3.1.1 Wind Farm Based Multi-Terminal HVDC System: 200~1000 MW in Real 






3.2 Common Types of DC-DC Converters  
Table 3.2.1 gives a list of the most common DC-DC converters, classified by galvanic 
isolation. 
Non-Galvanic Isolated DC/DC 
Converter Topology 




Buck Boost converter 
Cúk converter 
Thyristor Based Resonant converter 
Push Pull converter 
Flyback converter 
Forward converter 
Duty Ratio Control Hard Switch Bridge 
converter 
Series Load Resonant converter 
Parallel Load Resonant converter 
Phase Shift Full Bridge converter 
Single Active Bridge converter 
Dual Active Bridge converter 
Three Phase (Bridge) converter 
Table 3.2.1 DC-DC Converter Topologies Classified by Galvanic Isolation [59] 
For a 5 kV-50 kV DC-DC converter, the non-galvanic isolated converter may not be suitable 
due to the high power transfer, and high output voltage and high voltage stress on switches 
[59]. As for galvanic isolated converters, the traditional Push-Pull converter has magnetic 
bias problems, high voltage stresses on IGBTs and no significant advantages compared to 
other types of isolated galvanic converter [92].  
The inductor of the Flyback converter needs to store significant amounts of energy, which 
is not suitable for a 5MW converter. The Flyback also has high switch stress issues [93]. 
In a Forward converter the utilisation factor is as poor as the Flyback because of the 
unidirectional excitation of the transformer. Moreover, the voltage stress on switches of the 
Forward converter can be even higher than that of the Flyback converter [92, 93]. 
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The Parallel Load Resonant converter is a type of soft switching converter with a broad gain 
range. Unfortunately, it is not suitable for a wind power system when working in the part 
load condition, as a sizeable circulating current can flow through the primary side because 
of its parallel structure [59], causing high part load losses. 
The estimated power required to supply the turbine auxiliaries, such as the control panel 
during start-up and allow rotation of the blades for maintenance, is approximately 1% of the 
rated turbine power under the condition of no wind [94], so back feed power is necessary. 
In this type of offshore wind farm based multi-terminal DC system, two different ways can 
be applied to supply the power backwards when needed, as shown in Figure 3.2.1. In Figure 
3.2.1-a, a unidirectional ISIPOS DC-DC converter is operated in normal conditions to 
transfer the power from the offshore wind farm to the onshore power system, while another 
auxiliary low power unidirectional DC-DC converter is installed in anti-parallel to supply 
the back feed power during circumstances like a black start. In contrast, in Figure 3.2.1-b, a 
bidirectional ISIPOS DC-DC converter is put into operation in the system to supply the 
power flow in both directions. However, converters which have bidirectional power flow, 
like the Dual Active Bridge (DAB) DC-DC converter, are not very suitable for the 
200MW~1000MW Input Series Input Parallel Output Series (ISIPOS) DC-DC converter to 
transfer the power back due to having double the amount (or more) of switches connected 
in series/parallel, as well as increasing the cost and complexity of the system [59], and the 
secondary switches need to sustain a much higher voltage level. So compared with Figure 
3.2.1-b, the system in Figure 3.2.1-a with an auxiliary low power unidirectional converter in 





 Figure 3.2.1 Two Different Ways to Supply the Back Feed Power 
According to the Point Based Matrix in [59], the Phase Shift Full Bridge converter, Series 
Load Resonant converter and Full Bridge Hard Switching converter have higher points 
compared to other types of converter, so both the 5 MW and ISIPOS DC-DC converters can 
entirely or partially rely on them. 
Some researchers also propose the resonant based, transformerless DC-DC converters 
(thyristor based resonant converter) as the MW level power converter [76, 95]. This is not a 
very attractive choice as low voltage side components need to be designed to withstand the 
peak voltage across the resonant tank capacitor, and multiple inductors are required at the 















b. System with Bidirectional ISIPOS Converter to Supply the Back Feed Power 
[Grab your reader’s attention with a great quote from the document or 
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Three possible converter types for the 5 MW DC-DC converter are the Phase Shift DC-DC 
converter, the Series Load Resonant converter and the Hard Switched DC-DC converter. 
When looking deep into the operating principles, the Phase Shift converter is not very 
suitable for the 5 MW converter, as: 
a) Four capacitors are in parallel with the four switches at the primary side, where the 
rms current flowing through them is about 1 kA. High current capacitors are always 
difficult to assemble while the cost and size of these capacitors are also very 
significant [96]. 
b) Soft switching can be lost in part load conditions. 
c) A big inductor is needed at the secondary side. Having a high value inductor at the 
secondary side to hold high voltage is as difficult as having a capacitor at the primary 
side to hold the high current. 
The Single Active Bridge hard switching converter with an inductor at the secondary high 
voltage side also increases the difficulty during the manufacture.  
The issues of the Series Load Resonant converter are that the peak current on the resonant 
capacitor is very high and the peak resonant capacitor voltage is very high as well [59]. 
Finally, the type of 5 MW converter connected after the Pulse Width Modulation (PWM) 
rectifier is chosen to be the Single Active Bridge Hard Switching converter with primary 
side inductor, which has only slightly higher losses, about 3.5-5.0%, than that of the Series 
Load Resonant converter, 2.0-2.5% [79]. Another valuable property of this converter is if 
working in discontinuous mode, Zero Current Switching (ZCS) can be achieved easily 
during switch on. 
For the 200 MW~1000 MW Input Series Input Parallel Output Series (ISIPOS) converter, 
several combined structures using the SAB converter and Three Phase converter can be 
applied. The Three Phase converter is not mentioned in [59], but two significant advantages 
of the Three Phase converter, especially under high power conditions, are: 
a) High power transfer ability; 
b) Low output ripple. 
This chapter gives detailed introductions and simulation results for the SAB converter and 
the Three Phase converter as well as their hardware test, as both of them are applied in the 




3.3 Three Phase DC-DC Converter 
The simulation study of a high power Three Phase DC-DC converter is presented in this 
section. 
In the high power, high voltage multi-level DC system, the Three Phase converter has 
advantages such as the relatively low current rating of the power electronic components, the 
higher power transferability, and the small size of the transformer and output passive filters 
[97]. The configuration diagram of a Three Phase DC-DC converter that can be adopted in 



























Figure 3.3.1 Three Phase DC-DC Converter Configuration Diagram 
The structure of the Three Phase transformer follows the ∆-Y (Yd11) connecting method, 
because of the reasons listed below: 
a) In this research, Three Phase DC-DC converters are used to step up the voltage, and 
the delta-star transformer requires a lower turns ratio than any other configuration. 
By reducing the turns ratio, operational issues caused by the leakage inductance and 
copper losses are reduced. 
b) Delta-star configuration has both lowest transformer power rating and switch current 
rating [97]. 
c) In this DC-DC circuit, connection group number has no influence, so the most 
common group Yd11 is employed. 
d) Circulating current caused by multiples of third harmonics on the closed delta 
winding can help to reduce the distortion of the induced electromotive force [99]. 
The simulation results of a 50 kV-150 kV 10 MW 667 Hz relatively ideal Three Phase DC-
DC converter, except the leakage inductance 20 µH of the transformer, with D=0.499 are 
shown in Figure 3.3.3 to Figure 3.3.7. In a real system, both the voltage rating and power 
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rating of the Three Phase converter should be much smaller than that in the simulation circuit, 
because the number of total converters used to transfer large amounts of power in the 
simulation model can not be as much as that in real word, due to the limitation of the software. 
Although the large power converter applied may cause some inaccuracies, the final 
simulation results still give a good understanding of the converter itself and the whole system 
[100]. 
This high power Three Phase converter has never been built, so its component parameters 
are estimated according to the parameters of other Three Phase power converters, as listed 
in Table 3.3.1. For example, the value of the leakage inductance of the Three Phase Power 
converter in this research is taken from an estimation based on Table 3.3.1 and the 
relationship between converter voltage rating, size and leakage inductance shown in 
equation (3.3.1), (3.3.2).  
 
𝑉 =
𝑁 × 𝐴𝐸 × 2 × 𝐵𝑚𝑎𝑥
𝑡𝑜𝑛
=




𝐿 =  𝑁2⋀ =  𝑁2
𝑙
𝜇𝐴𝐸
    (3.3.2) 
where N is the number of turns, Bmax (T or Wb/m2) is the maximum operating flux density, 
D is the duty ratio, f (Hz) is the operating frequency, AE (m2) is the cross-section area of the 
transformer core, ⋀ (Wb/A or H) is the permeance, l (m) is the flux path length, µ (H/m) is 
















0.69 37 2100 0.5 1:53.33 1.003 
mΩ 
8.23 [59] 
0.5 60 60 20 1:120 N/A 3.5 [101] 
1 2 666 5 1:2 N/A 3.49 [100] 










Figure 3.3.2 Equivalent Circuit of a Single Phase Transformer 
The output voltage of this type of Three Phase converter is not adjustable with duty ratio 
control. In order to make this application possible, a partial controllable parallel converter 
block may be adopted in the system. 
3.3.1 Primary Side Waveform Analysis of Three Phase DC-DC 
converter 
 













At t1, S1 in Figure 3.3.1 is switched on, and the switching states are: 
S1 S2 S3 S4 S5 S6 
On Off On Off On Off 
Because S1 and S5 are both switched on, so the voltage across VAB is the same as the voltage 
source. Another phenomenon illustrated in Figure 3.3.3 is the primary side currents are not 
increasing/decreasing linearly, but are resonating. This is caused by the effect of leakage 
inductance and the output capacitance, looking at the equivalent circuit of the transformer 
in Figure 3.3.2. The resonate frequency of the current will reduce when the inductor value 
is increased. In the hardware test, this phenomenon may not be observed apparently as the 
relative value of leakage inductance is much bigger when compared with the converter 
voltage rating. Also, from the current waveform, it is clear that in each main state, the upper 
switch is in a different condition to the corresponding lower switch, and one phase of the 
transformer has no current flow. 
At t2, S5 is switched off, and during the small period before S2 is turned on, the switching 
states are: 
S1 S2 S3 S4 S5 S6 
On Off Off Off Off On 
However, because of the transformer leakage inductance, the current IAB cannot go to zero 
immediately, and will flow through the diode of S2. Before IAB goes to zero, VAB=0 as both 
point A and point B are connected to the positive side of the voltage source. More detailed 




Figure 3.3.4 Detailed Diagram of Figure 3.3.3 Around t2 
At time t3 in Figure 3.3.4 above, IB decreases to zero, and from then on no current will flow 
through both S2, S5 and their parallel diodes. Because S1 is still in the on state, the value of 
VAB equals to the voltage across S2, which is half of the voltage source value. This status 
will stay until S2 is switched on, while VAB drops to zero as both S1 and S2 are switched on. 








3.3.2 Secondary Side Waveform Analysis of Three Phase DC-DC 
converter 
 
Figure 3.3.5 Secondary Side Waveform 
It can be identified from Figure 3.3.5 that Vab is Vao - Vbo, which has the same waveform as 
VAB and VBC. Another issue is the resonant waveform, which depends on the value of the 
leakage inductance, while a small output capacitance is used. In different papers the value 
of the leakage inductance adopted for a high power converter can be very different [59, 100, 
101]. Figure 3.3.6 shows the simulation result of Ibc with different values of leakage 
inductance. 
According to 𝑉 = 𝐿
𝑑𝑖
𝑑𝑡
, the rate of change of current should be proportional to the inductance 
value. However, when in the resonant situation, neither the output voltage nor the voltage 
across the inductance of the transformer can be regarded as a constant value, and the current 
increase/decrease rate is also not a constant value. This can be seen clearly from Figure 3.3.6, 
especially when comparing the waveforms when L=20 µH and L=200 µH. The same 









Figure 3.3.6 Ibc with Different Leakage Inductance Value in Figure 3.3.1 
The resonant property of the circuit may be treated as a utilisable advantage, due to the much 
smaller extra primary inductance required in the circuit, while the current/voltage ripple can 
still be limited within a reasonable range.  
3.3.3 Resonant Analysis 
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Figure 3.3.8 IL in Figure 3.3.7 with Different Inductor Values 
Figure 3.3.8 shows the inductor current IL in Figure 3.3.7, which explains the resonant 
property of the circuit. From Figure 3.3.8, it is clear that the Resistor Inductor Capacitor 
(RLC) circuit in Figure 3.3.7 will be dominated by the inductor if its value is big enough. 
With a relatively small inductor, the current waveform will be more sinusoidal, which can 
be defined as resonant property. 
It should be noted that the output of this converter in the final system is a voltage source 
rather than a resistance, but this property can still be applied.  
3.3.4 Three Phase Converter Voltage Waveform vs Duty Ratio 
One particular characteristic of a Three Phase DC-DC converter is the AC voltage waveform 
after the inverter part may have some step change with the increasing/decreasing of the duty 
ratio. In this section, two different structures related to the Three Phase DC-DC converter 
are simulated with changes of duty ratio. All the parameters used are the same as in Figure 
3.3.1. 
3.3.4.1 Resistive Delta Load Three phase Inverter 
























Figure 3.3.9 Three Phase Inverter with Resistive Load 
The waveform of VAB in Figure 3.3.9 can be seen from Figure 3.3.10. In sub-figure (1) of 
Figure 3.3.10, the effective duty cycle will decrease regularly with the reduction of duty 
ratio, and the shape of waveforms of VAB will not change. In sub-figure (2) of Figure 3.3.10, 
there is a dramatic waveform shape change when the duty ratio is decreasing from 0.34 to 
0.32. Moreover, the form of the voltage waveform will be the same when the duty ratio is 
between 0.32 and 0.167, and then another marked shape change occurs when decreasing the 
duty ratio from 0.167 to 0.166. It can be observed in sub-figure (4) of Figure 3.3.10, VAB 
becomes zero when D=0.166. 
From Figure 3.3.10, it can be concluded that two sudden waveform change points happen 
when D=1/3 and D=1/6. The reason can be explained by the assistance of the Gate Pulses 
graphs shown in Figure 3.3.11 and Figure 3.3.12. When D=0.38, between t1 and t2, S1, S2  
and S6  are all in the on state, which means at this duty ratio, three IGBT switches can be in 
the on state simultaneously: two upper, one lower, or two lower, one upper. When D is 
decreased to D=1/3, as shown in Figure 3.3.11, S2 will be switched on when S1 is just 
switched off, S3 will be switched on when S2 is just switched off, and this is the critical duty 
ratio before the waveform of VAB jumps to another state. When 1/6<D<1/3, D=0.28 in Figure 
3.3.11, only two switches can be on at the same time: one upper, one lower; and the voltage 
waveform jumps more frequently, which can be a serious drawback for a converter working 
below D=1/3. If the duty ratio decreases further, see Figure 3.3.12, before D=1/6, there will 
be a small period when one upper switch and one lower switch can be in the on state at the 
same time, as in the time range between t1 and t2 in Figure 3.3.12. Once D<1/6, only one of 
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the six switches will be on itself during any period, so the circuit loop is entirely cut off, VAB 
=0. 
The current waveform will not be demonstrated here as it is the same as the voltage 








Figure 3.3.11 Six Control Pulse with Different D Value (a) 
S6                    S5                    S4                    S3                    S2                   S1 
S6                    S5                    S4                    S3                    S2                   S1 





Figure 3.3.12 Six Control Pulse with Different D Value (b) 
S6                    S5                    S4                    S3                     S2                   S1 
S6                    S5                    S4                    S3                     S2                   S1 
S6                    S5                    S4                    S3                     S2                   S1 
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3.3.4.2 Three phase Inverter with Inductive Delta Load  
The simulation diagram under load condition 3.3.4.2 is illustrated in Figure 3.3.13: each 















Figure 3.3.13 Three Phase Inverter with Inductive Load 
In this situation, the critical point also happened at D=1/3 and D=1/6. When D>1/3, the 
voltage waveform of VAB is the same as illustrated in Figure 3.3.3. When 1/6<D<1/3, the 
voltage waveform, or the approximate current waveform, is the same as when having a 
resistive load, see Figure 3.3.14, which means the effect of leakage inductance is minuscule. 
In Figure 3.3.14, S1 is switched on at t1, and as S5 is also in the on state, VAB equals the value 
of the voltage source. When S5 is just switched off, current IB cannot drop to zero 
immediately and will flow through D2, and VAB is equal to zero as shown in Figure 3.3.3. 
However, when the inductor current goes to zero, the value of VAB will be held to zero 
between t2 and t3, as S1 is the only switch in the on state, and the whole circuit can be treated 
as in the offline situation. This is also the reason why the voltage waveform is the same as 
that in Figure 3.3.10. 




















3.4 Single Active Bridge DC-DC Converter 
This section describes the design and simulation results of a 5 kV-50 kV 5 MW Single Active 
Bridge (SAB) converter.                                             
3.4.1 Bridge Converter Without Any Inductor  
As stated in section 3.1, the Single Active Bridge (SAB) converter can be the most suitable 
type of DC-DC converter for the 5 MW converter in Multi-Terminal HVDC system. 
 
Figure 3.4.1 Ideal Bridge Converter Without Inductor 
Figure 3.4.1 shows a 5 MW bridge converter without any inductor, assuming an ideal 
transformer. In this situation, Vo will have a large ripple content, which is expected for a 
single phase DC-DC converter. Figure 3.4.2 shows the voltage of Vo when the output 
capacitor C0 = 0, C0 = 2 μF and C0 = 2 mF, the input voltage is 5 kV and switching frequency 




Figure 3.4.2 Output Voltage with Different Filter Capacitor 
From Figure 3.4.2 above, it is clear that when the input voltage is from an ideal DC voltage 
source, although a high value capacitor may not be necessary to achieve a DC output voltage 
with low ripple content, the primary side current peak is not limited in this situation. For a 
SAB converter, due to the backflow current from the inductor to the power supply or 
previous stage and the primary side inductor filter, an output DC voltage waveform with low 
Total Harmonic Distortion (THD) can be achieved easily, with only a small output filter 
capacitor. Moreover, the SAB converter also has a much lower primary side current peak. 





















Figure 3.4.3  Single Active Bridge Converter with Primary Side Inductor 
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Figure 3.4.3 gives the circuit diagram of a Single Active Bridge converter, which is the 
converter most commonly used in the research work. Similar to the Three Phase DC-DC 
converter, this converter can operate in resonant mode or linear mode depending on the value 
of the total primary side inductor Lp where: 
𝐿𝑝 = 𝑒𝑥𝑡𝑟𝑎 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝐿𝑒𝑖 + 𝐿1 + 𝐿2
′  
“extra inductance” means the auxiliary inductance that needs to be added at the primary side 
of the circuit; L1 represents the leakage inductance at the primary side of the transformer 
and L´2 indicates the referred leakage inductance of the transformer from the secondary side 
to the primary side. In resonant mode, although the peak current on both primary and 
secondary sides can be limited easily with a much smaller Lp, frequency control is required, 
which is not very suitable for a high power converter with an isolation transformer. The 
working principle of this converter is not difficult, and a brief linear mode theory 
interpretation of the converter is given below. 
The simulation results in Figure 3.4.4 are obtained when Vin =5 kV, Lp =40 µH, Np : Ns 
=1:10, Co = 5 µF, Rload = 500 Ω, D=0.45, f=2 kHz. The choice of 2 kHz switching frequency 
is based on a comprehensive consideration of the frequency of the transformer core material, 
and high power IGBT switching frequency. 
In Figure 3.4.4, at t1, when S2 and S3 are switched off, the inductor current cannot go to zero 
immediately and will flow through the freewheeling diodes D1 and D4, causing the voltage 
VpbL to jump from -5000V to 5000V. Between t1 and t2, Ip will decrease dramatically as 
double the source voltage is added across the inductor. Once the inductor current drops to 
zero and before the next switch action, the converter turns into a “standstill” state, similar to 
the time range between t2 to t3. This “standstill” condition may not exist if Lp is big enough. 
At t3, S1 and S4 are switched on, and converter goes into the next period.  
Figure 3.4.5 displays the final output waveform of the converter with an input voltage source 
and a resistive load. Compared with Figure 3.4.2, it shows that the Single Active Bridge 
converter with primary side inductor not only can eliminate the high voltage side inductor 





Figure 3.4.4 Converter Primary Side Waveform 
 
Figure 3.4.5 Converter Output Waveform 
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3.4.3 Converters in Parallel or Series Connection Mode 
According to [59, 86-89, 100], it is currently impossible to have a single 5 kV-50 kV, 5 MW, 
2 kHz transformer. In previous research, converters are always connected in parallel due to 
the limited rating of the IGBT switch. In this research, another model is proposed, in which 
only the transformers and secondary rectifiers are connected in Input Parallel Output Series 
states (IPOSTs-Input Parallel Output Series Transformer converter). Figure 3.4.6 shows the 
circuit diagram of the parallel converter and IPOSTs, and Table 3.4.1 summarises the 




















 Parallel Converter IPOSTs 
Number of Parallel Block 3 
Note：the number of parallel blocks can be any integer. 3 
is adopted as an example here because it is the most 
common number for the parallel converter. 
IGBT Voltage V V 
IGBT Current I/3 I 
IGBT Number 3a a 
Approximate Extra  Primary 
Side Inductor Value 
3Lp-Lleak Lp-Lleak/3 
Note: Lp is the total primary side inductor value for each 
converter, Lleak is the total leakage inductance of a 
transformer if referred to the primary side 
Extra  Primary Side Inductor 
Number 
3b b 
Transformer Turns Ratio 
(N2/N1) 
3n n 
Primary Side Voltage Vp Vp 
Primary Side Current Ip Ip 
Secondary Side Voltage Vs Vs/3 
Secondary Side Current Is/3 Is 
Diode Reverse Voltage Vo Vo/3 
Output Current Ripple About Io-peak-to-peak/4 [29] Io-peak-to-peak 




From Table 3.4.1, it can be seen that the parallel converter structure triples both the number 
and value of the primary side inductor, as well as the IGBT switches. Also, the transformers 
and the rectifier diodes need to be designed to withstand the 50 kV voltage, which is not a 
reasonable rating. The IPOSTs not only reduces the high current stress on the primary side 
and the high voltage stress on the secondary side, but also has higher flexibility in adding or 
subtracting the number of transformer/rectifier blocks without changing any parameter 
values in the circuit, including the extra primary side inductor value, as Lleak << Lp. Although 
one significant drawback of the IPOSTs is the output current ripple is bigger than that of the 
paralleled converter when a μF range capacitor is connected to the secondary side, these two 
structures do not have a significant difference on the influence of the cable ripple content 
when connected in the system. This phenomenon can be explained by the assistance of 





























Figure 3.4.7 Simplified Research System Diagram 
Figure 3.4.7 demonstrates a simplified diagram of the offshore wind farm based multi-
terminal DC system, omitting all the blocks connected before the 5 MW DC-DC converter. 
In this figure, C1, C2 and C3 represent the output capacitor of the multi-connected 5 MW 
DC-DC converter, typically tens of µF, and the length of the cable on which I3 is flowing 
through can be 0.6 km or 6 km, depending on the structure of the wind farm. 
Figure 3.4.8 shows the conceptual current waveform diagram when the length of the cable 
through which I3 is flowing is 0.6 km. The labels of all the currents are marked in Figure 
3.4.7. The conceptual waveforms of Idc1_bc, Idc2_bc and Idc3_bc is obtained when the 5 MW 
converter has an IPOSTs structure, which has relatively higher output current ripple before 
the output capacitor. Despite the high output ripple content of each converter, the current 
waveforms flowing through multi-connected cables, Idc1, I2 and I3, has much lower ripple 
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content due to the filter characteristic of the submarine cables. Another feature that can be 
observed is the values of the ripple content on the cables are in inverse proportion to the 
distance to the ISIPOS converter, simply because the longer submarine cables can be 
regarded as bigger filters.  
 
Figure 3.4.8 Conceptual Current Waveform Diagram When the Length of the Cable on 
Which I3 is Flowing Through is 0.6 km 
 
Figure 3.4.9 Conceptual Current Waveform Diagram When the Length of the Cable on 
Which I3 is Flowing Through is 6 km 
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If the submarine cable through which I3 is flowing is 6 km, the conceptual cable current 
waveforms of Idc1, I2 and I3 can be seen in Figure 3.4.9. In this case, the 6 km submarine 
cable can be treated as a large filter connected just before the ISIPOS converter and current 
ripple content in all the cables can be limited to a small value: around 10 A for all cable 
currents. 
Combing all the information provided above and in Figure 3.4.7 to Figure 3.4.9, it can be 
estimated that if the total cable length between the 5 MW converter and the ISIPOS converter 
is longer than around 2 km, the IPOSTs structure can be used for the 5 MW DC-DC 
converter, like the converter 1 in Figure 3.4.7; otherwise a paralleled converter structure, 
like converter 2 and converter 3 in Figure 3.4.7, may be necessary to limit the current ripple 
content, or losses in the cable. 
In this thesis, the comparison of the performances of these two structures in the system are 
not studied in detail, but should be done in future work. 
Figure 3.4.10 plots the waveform of Ip and Vo in Figure 3.4.3 and Figure 3.4.6-b. The same 
parameters are used when obtaining the waveforms in Figure 3.4.4. In Figure 3.4.10, it is 
clear that both the primary side current and the output voltage for these two different 
converter structures can be regarded as identical, which means no matter how many blocks 
there are in parallel/series, the overall performance of the circuit will not be influenced. In 
addition, all the transformer blocks also share the current and voltage equally on the primary 
and secondary side.  
 
Figure 3.4.10 Ip and Vo in IPOSTs Structure and Single Transformer Structure 
60 
 
3.4.3 Design and Simulation of the 5MW SAB Converter 
In this section, the design method of a 5 kV-50 kV 5 MW 2 kHz SAB converter with single 
transformer is proposed [75]. In order to obtain effective input voltage control by PWM 
control and a relatively small extra primary side inductor, the circuit is designed under 





















Figure 3.4.11 Single Active Bridge Converter with Primary Side Inductor – (Taken From 
Figure 3.4.3) 
    
Figure 3.4.12 Converter Primary Side Waveform – (Taken From Figure 3.4.4) 
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3.4.3.1 Turns Ratio n and tr, tf 












× 𝑡𝑓    
(3.4.1) 





  (3.4.2) 
where T is the switching period. Combining (3.4.1) and (3.4.2), we can get: 
 






       (3.4.3) 
In order to define the range of tr, n needs to be identified first. Although the value of n should 
be designed to be as small as possible to achieve the lowest inductor peak current, positive 
power flow needs to be guaranteed first. Consider the worst case when the converter output 
voltage is at its highest value, in order to control the input voltage above the lower limit, 
allowing for a 5% voltage deviation: 
 
V𝑖𝑛(𝑛𝑜𝑚𝑖𝑛𝑎𝑙) × 0.95 >
𝑉𝑜(𝑛𝑜𝑚𝑖𝑛𝑎𝑙) × 1.05
𝑛
   (3.4.4) 
Taking another 5% “voltage losses” caused by the coupling coefficient<1 across the 
transformer, finally n > 11.63. Taking n = 11.8. From equation (3.4.1) and (3.4.3): 
𝑡𝑟(max) < T ×
𝑉𝑜(𝑛𝑜𝑚𝑖𝑛𝑎𝑙) × 1.05
𝑛




𝑡𝑟(max) = 0.24𝑚𝑠    𝑡𝑓(min) = 8𝜇𝑠     
When voltage deviation or losses are needed to be taken into consideration, 5% is always 
applied as the conventional value in most of the DC-DC converter designs [75, 102, 103].  
Calculating the normal case for tr and tf : 
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𝑡𝑟 = 0.229𝑚𝑠    𝑡𝑓 = 18.9𝜇𝑠   
3.4.3.2 Peak Value of Ibc and Ip in Figure 3.4.11 
Figure 3.4.13 plots the waveform of Io and Ibc in Figure 3.4.11. The value of Io is assumed 
to be a constant 100 A, which is the average value of the output current under the full load 
operation. In Figure 3.4.13, the area of A (blue) should be equal to the area of B (green) 
when the converter is working under the steady states, and equation (3.4.5), (3.4.6) can be 
obtained based on this property. 
 









  (3.4.5) 






(𝑡𝑟 + 𝑡𝑓 + 𝑋1 + 𝑋2) × 𝐼𝑜
2
  (3.4.6) 




× (𝑡𝑟 + 𝑡𝑓) = 𝐼𝑜 × 𝑇 − (
𝐼𝑏𝑐_𝑝𝑒𝑎𝑘 − 𝐼𝑜
𝐼𝑏𝑐_𝑝𝑒𝑎𝑘
× (𝑡𝑟 + 𝑡𝑓) + 𝑡𝑟 + 𝑡𝑓) × 𝐼𝑜  (3.4.7) 
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Using the value of tr and tf calculated before: 
𝐼𝑏𝑐_𝑝𝑒𝑎𝑘 ≈ 202𝐴 
𝐼𝑝_𝑝𝑒𝑎𝑘 = 𝐼𝑏𝑐_𝑝𝑒𝑎𝑘 × 𝑛 = 202 × 11.8 = 2384𝐴 
3.4.3.3 Value of Co in Figure 3.4.11 
Assume the maximum output voltage ripple allowed is: 
∆𝑉 = 50000 × 5% = 2500𝑉 
When voltage deviation or losses are needed to be taken into consideration, 5% is always 








× (𝑡𝑟 + 𝑡𝑓) × (1 −
𝐼𝑜
𝐼𝑏𝑐_𝑝𝑒𝑎𝑘
) × (𝐼𝑏𝑐_𝑝𝑒𝑎𝑘 − 𝐼𝑜)  (3.4.8) 
𝐶𝑜 >   2.55𝜇𝐹            
Choose the value of Co to be 2.6μF. 
3.4.3.4 Value of Lp 
The value of Lp needs to be designed based on the value of Ip. Different from the design of 
the output capacitor, Lp cannot be further increased or decreased as the converter needs to 
work in the discontinuous mode while the peak value of the primary side current also 
requires to be limited.  











×   0.229𝑚𝑠    
𝐿𝑝 > 73.2𝜇𝐻 
Finally choose Lp to be 74μH. 
3.4.3.5 Value of Cin 
Cin is the capacitor connected at the input side of the converter across Vin in Figure 3.4.11. It 
can also be the output capacitor of the PWM rectifier connected at the previous stage. The 
general design method of Cin should be the same as that of Co. However, Cin is not only used 
to restrict the input voltage ripple but also employed to limit the voltage overshoot to under 
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10% during the transient state [75]. Different from [75], the value of Cin is selected to be 
3mF rather than 6mF when the overshoot is about 600V, 12% of the input 5 kV DC voltage, 
which is a compromise between the value of the capacitor and the voltage overshoot.  
 
3.5 Control of the DC-DC converters 
In this study of the offshore wind farm based multi-terminal DC system, the SAB converter 
with primary side inductor is used for the 5 MW DC-DC converter, while different 
combinations of the Three Phase DC-DC converter and SAB converter are applied for the 
ISIPOS converter structure. During the operation of the system in this research, the Three 
Phase converter is open loop controlled, while the SAB converter is closed loop controlled. 
The closed loop control of the 5 MW SAB DC-DC converter is necessary for the system as 
the blocks connected before it (the wind turbine, the PMSG) should be treated as a current 
source, so the input voltage control of the converter is important to guarantee normal 
operation of the system. Otherwise, the inverse relationship between voltage and current can 
raise the current in the system during a voltage drop, and forcing it to draw even more current 
which can cause a further voltage drop. The system will go into a “doom” loop until damaged. 
As for the ISIPOS converter in the system, it can be designed as an open loop controlled 
converter if a robust power system is connected at the receiving end. The reason is because 
even if there are hundreds of wind turbines in the wind farm and all work together with 
maximum power generating, the voltage drop on the long submarine cables connected 
between the offshore wind farm and onshore power system is still less than 2% of the cable 
voltage rating, or the output voltage of the ISIPOS converter (400 kV in this research). 
Against this background, both the output voltage and input voltage of an open loop 
controlled ISIPOS converter can be kept nearly constant with a robust power system at the 
receiving end, and the Three Phase DC-DC converter is then a good choice.  
In this section, the design of the closed loop control circuit for the 5 MW SAB DC-DC 
converter is presented, as well as given the simulation results of the transient state of the 
converter. The closed loop control of the converter does not have significant influence on 
the output current ripple content, or losses caused by the current ripple content on the multi-
connected cables, when the converter is working under the steady state; but the control 
circuit with PI controller can help to reduce the high voltage spike during the transient state 
and force the system back to the steady state quickly, thereby reducing the current spike and 
cable losses as well. The higher the value of the inductive components used for the SAB 
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DC-DC converter, such as the inductor connected at the primary side of the converter, the 
lower the current ripple content can be obtained at the output. In section 3.4, the compromise 
between the value of the passive components and its size and cost is always taken into 
consideration within the design procedures.  
Figure 3.5.1 shows the closed loop transfer function block diagram of the SAB converter. 
 
Figure 3.5.1 Control Loop of the SAB Converter 
3.5.1 Control Blocks f(D) and f-1(Iin) 
In the converter, the relationship between the input current Iin in Figure 3.4.1 and the duty 
ratio is set to be: 
𝐼𝑖𝑛 = 𝑓(𝐷) 





Figure 3.5.2 Waveform of Input Current Iin 
Figure 3.5.2 plots the waveform of the input current Iin of the converter, and equation (3.5.1) 











× 𝐼𝑖𝑛_𝑝𝑒𝑎𝑘 × (𝑡𝑟 − 𝑡𝑓)   (3.5.1) 
Combining and rearranging equations (3.4.1) and equation (3.5.1), equation (3.5.2) and 
equation (3.5.3) can be obtained: 
 
𝐼𝑖𝑛_𝑎𝑣 = 𝑓(𝐷) =







) × 𝑛 × 𝐿𝑝
× 𝐷2       (3.5.2) 
 
𝐷 = 𝑓−1(𝐼𝑖𝑛_𝑎𝑣) = √
(𝑉𝑖𝑛 +
𝑉𝑜
𝑛 ) × 𝑛 × 𝐿𝑝
2 × 𝑇 × 𝑉𝑜 × (𝑉𝑖𝑛 −
𝑉𝑜
𝑛 )
× √𝐼𝑖𝑛_𝑎𝑣          
(3.5.3) 
3.5.2 Delay Block 
Td in Figure 3.5.1 represents the delay constant when operating the converter in a real system, 
including the switching delay, measurement delay, and computational delay. Always Td 
=1.5T [75]. 
A delay block is usually indicated by 𝑒−𝑇𝑑×𝑠, which is not a linear expression and will cause 
complexity in the design of the whole control system. When the switching frequency is high 






1 + 𝑇𝑑 × 𝑠
 (𝑇𝑎𝑦𝑙𝑜𝑟 𝑠𝑒𝑟𝑖𝑒𝑠 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛)  (3.5.4) 
According to equation (3.5.4), the design can be simplified, and the control loop can be 
linearized. 
3.5.3 PI Controller  
In this part, the PI constant is calculated based on the symmetrical optimum (SO) design 








2.414 × 1.5 × 5 × 10−4








2.4142 × 1.5 × 5 × 10−4
= 379.13    
 
where Kp is the proportional term and Ki is the integral term of a PI controller. a is the 
symmetrical gain in the Symmetrical Optimum design method. 
3.5.4 Simulation Results 
The waveform of the input voltage Vin of the converter in Figure 3.4.11 is shown in Figure 
3.5.3, VC-init represents the initial voltage of the input capacitor Cin. Two start-up situations 
are compared:  
a) Cin is fully charged to about 5 kV before the start-up of the converter. This case 
means all the machines or power electronic blocks need to be activated before the 
operation of the converter. 
b) The initial voltage of Cin is 0 when the converter starts running. 
It can be seen from Figure 3.5.3-a, in order to have a better transient response and much 
lower transient peak voltage, the first start-up method stated above, VC-init = 5 kV should be 
used. More generally, fully charging the input capacitor before the running of the converter 
can also help to limit the transient overshoot to within about 12% of the nominal voltage, 
and the voltage ripple in steady state is clearly less than 5% of 5 kV, as indicated in Figure 
Figure 3.5.3-b. Although pre-charging this capacitor may have technical difficulty, this is 




Figure 3.5.3 Input Voltage Waveform of the Converter 
a. Waveform of Vin with Different Initial Voltage of Cin 







3.6 Downscaled Simulation and Hardware 
Testing of DC-DC Converters 
In this section, two downscaled DC-DC converters, the Three Phase DC-DC converter and 
the SAB DC-DC converter, are built, tested and compared with the simulation results from 
the PLECS model to verify the proper function of the PLECS model.  
3.6.1 Three Phase DC-DC Converter 
An open-loop controlled Three Phase DC-DC converter rated at 20 V, 200 W was built and 
tested, as shown in Figure 3.3.1. It needs to be noted that the 20 V and 200 W are the limits 
of the converter in the hardware work, while the operating condition of it can be reduced to 
lower values.  
3.6.1.1 Design Parameters of the Three Phase DC-DC Converter 
Table 3.6.1 lists the voltage/power rating and operating frequency of the Three Phase 
converter. The selection of the power and voltage rating of the convert mainly depends on 
the equipment in the laboratory. For a downscaled converter, the frequency is always 
increased to model the performance of a high power converter, and 20.3 kHz is selected 
based on the timer used in the Arduino control unit. 
Table 3.6.1 Design Parameters of the Three Phase DC-DC Converter 
3.6.1.2 Components  
Table 3.6.2 lists all the components applied in the downscaled Three Phase DC-DC 
converter circuit, and the physical photograph of the converter can be seen in Figure 3.6.1. 
Input Voltage Rating 20 V 
Output Voltage Rating 20 V 
Frequency 20.3 kHz 




All the transformers used in the hardware testing are handmade by the author. Making 
transformers by hands, especially the three phase transformer, can be difficult. Ideally, three 
identical single phase transformers should be used in the hardware testing, which seems 
implausible if all the transformers are hand made. So in this work, many transformers were 
made and their parameters were measured. Each of the transformers is labelled by an integer 
number and recorded in Appendix I. Finally, three appropriate single phase transformers, 
like transformers without significant leakage inductances, with similar parameters are 
selected to form the three phase transformer. In this hardware work, transformer No 8, 10, 
12 in Appendix I were used for the Three Phase DC-DC converter. 
The design procedure of the transformers and output capacitor of the converter can be found 
in Appendix II and Appendix III, and a brief introduction of the operation of the Arduino 
can be seen in Appendix XXII. 
 
Components Comments Appendix 
ARDUINO UNO ATMEGA328 Arduino Board, Gate Pulses Generator 
for S1-S6 in Figure 3.3.1 
IV 
IR213 28-Lead PDIP   Three Phase Bridge Driver V 
IRFZ34N Power MOSFET   S1-S6 in Figure 3.3.1 VI 
VSB1545-M3 Freewheeling Schottky Diode   D1-D6 in Figure 3.3.1 VII 
ETD 34 N97 Core Transformer Ferrite Core VIII 
VT3045BP Rectifier Schottky Diode   D7-D12 in Figure 3.3.1 IX 
Output Capacitor 47 µF Electrolytic Capacitor N/A 





Figure 3.6.1 The prototype of the Three Phase DC-DC Converter  
3.6.1.3 Comparison of Hardware Testing and Simulation Results 
Figure 3.6.2-Figure 3.6.4 shows the comparison between the hardware testing and 
simulation results of the voltage and current waveforms of the converter, with the input 
1 Arduino Controller 
2 Driver and Primary Side of the Three Phase DC-DC Converter 
3 Three Phase Transformer 
4 Secondary Side of the Three Phase DC-DC Converter 
5 Load 
6 Oscilloscope 
7 Input DC Voltage Source of the Three Phase DC-DC Converter 
8 Power Supply of the Driver 
9 Isolated probe 
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voltage set to 15 V and the load value is 3.3 Ω. All the non-ideal parameters set in the 
simulation are according to the hardware components, and all the labels applied in the figures 
are based on the circuit diagram in Figure 3.3.1. In the hardware testing, it can be seen that 
there is conspicuous noise from the input DC power source of the converter, so the noise is 
recorded and put into the simulation model before the comparison with the hardware testing 
results. However, it found that in the simulation model, the input noise from the power 
source does not significantly influence the waveform of the converter, and is filtered out 
entirely by the passive or equivalent passive components of the converter. 
 




Figure 3.6.3 Simulation and Hardware Test Waveform of Vab and Ia 
 
Figure 3.6.4 Simulation and Hardware Test Waveform of Vo and Io 
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According to Figure 3.6.2 - Figure 3.6.4, the simulation results and the hardware test results 
can be regarded as verifying each other, although the primary side and secondary side current 
waveforms are not coinciding well. This is because in the hardware test, all the three 
transformers are handmade and tested by Precision Magnetics Analyzer3260B, and 
parameter errors can occur in the test. Also, the hardware converter can have inevitable 
parasitic capacitors, which can affect the current waveform in the circuit. From Figure 3.6.2 
and Figure 3.6.3, the leakage impedance tested by Analyzer3260B can be a little bit low.  
The resonant noise on the secondary side voltage waveform from the hardware test (Vab_H) 
can be monitored clearly, as well as the noise on the voltage waveform (Vo_H). These noises 
are all absorbed from the surrounding environment, like the noise caused by the interference 
between the three transformers. An extra experiment was done to capture these environment 
noises and put them into the simulation model, as well as comparing with the hardware test. 
Figure 3.6.5 shows the method to test the noise at the output of the converter. Isolated probes 
are held near the positive and negative ends of the load without any contact, to capture the 
voltage noise around the output; a current probe is put near the output as well to capture the 
current noise. These noises are added to the outputs from the simulation model, Vo_S and Io_S 
in Figure 3.6.4, and compared again with the hardware testing results, as shown in Figure 
3.6.6. 
 




Figure 3.6.6 The Comparison of Vo and Io When Environmental Noise is added in the 
Simulation Model 
From Figure 3.6.6, it is evident that the output noise of the converter is from the surrounding 
environment. In a real offshore system, the noise on the output waveform of the converter 
can cause extra AC losses on the cables. This will not be discussed in detail in this research, 
but it should be noted that the characteristic of the noise in a real high power system can be 
very different from that monitored in the prototyped converter. 
3.6.2 SAB DC-DC Converter 
In the hardware downscaled SAB DC-DC converter, due to the limitation of the equipment 
and the difficulty in applying an appropriate current source and output chargeable voltage 
source (e.g. a battery), a relatively low voltage, low power closed loop input voltage 
controllable SAB converter was built and monitored.  
3.6.2.1 Design Parameters of the SAB DC-DC Converter 
The rated parameters of the hardware converter are shown in Table 3.6.3. The reason for the 
selection of these parameters is the same as when designing the downscaled board for the 
Three Phase Converter. 
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Table 3.6.3  Design Parameters of the SAB DC-DC Converter 
3.6.2.2 Converter Components and Parameters 
Table 3.6.4 gives all the main components used to build the SAB converter and the 
parameters applied in the control circuit, while the photograph of the physical SAB converter 
can be seen in Figure 3.6.7. 
The design method of the SAB converter and transformer are stated in section 3.4.3 and 
Appendix II respectively, which are not repeated in this section. In this hardware work, 
transformer number 13 in Appendix I is used; as its total leakage inductance value is similar 












Input Voltage Rating 20 V 
Output Voltage Rating 20 V 
Frequency 62.5 kHz 




Components/Parameters Comments Appendix 
Arduino UNO ATMEGA328 Arduino Board, Gate Pulses 
Generator for S1-S4 in Figure 3.4.11 
IV 
IR2110 High and Low Side Gate Driver XII 
IRFZ34N Power MOSFET   S1-S4 in Figure 3.4.11 VI 
VSB1545-M3 Freewheeling Schottky Diode   D1-D4 in 
Figure 3.4.11 
VII 
ETD 34 N97 Core Transformer Ferrite Core VIII 
VT3045BP Rectifier Schottky Diode   D5-D8 in Figure 
3.4.11 
IX 
Output Capacitor 10 μF Electrolytic Capacitor N/A 
Input Capacitor 100 μF Electrolytic Capacitor N/A 
Lp in Figure 3.4.11 2.6 μH N/A 
Kp 1.7 N/A 
Ki 12341 N/A 





Figure 3.6.7 The prototype of the Three Phase DC-DC Converter 
3.6.2.3 Comparison of the Hardware Testing and Simulation Results Under 
Steady State Conditions 
The operating parameters of the converter under this steady state test are shown in Table 
3.6.5. The converter parameters of the hardware model and its testing conditions are put into 
the converter circuit in the simulation model, and voltages/currents of the converter in both 
cases are recorded and compared in Figure 3.6.8 to Figure 3.6.11. 
1 Arduino Controller and Operational Logic Circuit 
2 Driver and Primary Side of the SAB DC-DC Converter 
3 Single Phase Transformer 
4 Secondary Side of the SAB DC-DC Converter 
5 DC Battery-DC Power Source at the Output Side of the Converter 
6 Oscilloscope 
7 Input DC Voltage Source of the SAB DC-DC Converter 
8 Power Supply of the Driver 




Table 3.6.5 Operating Parameters of the SAB Converter in Steady State 
 
Figure 3.6.8  Comparison of Hardware Testing and Simulation Results of V in and Ipwm_out 
Output Voltage 15.8 V 
Input Current 1 A 
Frequency 62.5 kHz 
Duty Ratio 0.4 




Figure 3.6.9 Comparison of Hardware Testing and Simulation Results of VpbL and Ip 
 




Figure 3.6.11 Comparison of Hardware Testing and Simulation Results of Vo and Io 
Figure 3.6.8 to Figure 3.6.11 display both the simulation and hardware testing results of the 
downscaled DC-DC converter. The primary operating theory of the converter has been stated 
in section 3.4.2 and 3.4.3, while some other features of the converter from these four figures 
are explained as below: 
a) All the labels in graphs are based on the circuit diagram in Figure 3.4.11. The Ipwm_out 
in Figure 3.6.8 should be treated as a constant current source in both simulation and 
hardware testing, rather than the output from a PWM rectifier. Ipwm_out is applied in 
Figure 3.6.8 only because of the same label in Figure 3.4.11. 
b) All the current waveforms from the hardware test have a high frequency sawtooth 
waveform superimposed. This is due to the noise of the input current Ipwm_out from 
the DC power source. 
c) t0-t4 in Figure 3.6.9 indicates the same time as t0-t4 in Figure 3.6.10. Between t0-t1, 
the current is flowing through D1 and D4, VpbL= Vin +2VDf, where VDf indicates the 
forward voltage drop across the freewheeling diodes, with both Ip and Is increasing 
at the highest rate which is proportional to (V in + 2VDf + Vo + 2VDr), where VDr 
indicates the forward voltage drop across the secondary rectifier diodes. Between t1 
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and t2, as Is and Vs become positive, the increasing gradients of both Is and Ip drop 
dramatically, in proportion to (Vin + 2VDf -Vo - 2VDr). Between t2 and t3, the primary 
side current Ip goes to zero and none of the switches are activated yet, which means 
during this period, there is no current flowing in the primary side of the converter.  
In Figure 3.6.12, VpbL= Vsʹ + VLeak2ʹ + VLeak1. Vsʹ and VLeak2ʹ represent the voltage 
referred from the secondary side to the primary side, and Vsʹ+VLeak2ʹ=(Vs+VLeak2)/n, 
where n is the transformer turns ratio N2 : N1. At t3, S1 and S4 are switched on, and 
between t3 and t4, VpbL=Vin-2VG, where VG indicates the forward voltage drop across 










Figure 3.6.12 Equivalent Circuit of a Single Transformer 
d) In Figure 3.6.11, the current spike in the black circle, which is inherited from Is, is 
only reflected in the simulation waveform but not the hardware test. Looking at the 
equivalent circuit model of a lead-acid battery [104], which is applied as the output 
rechargeable voltage source in this hardware test, the capacitors involved in the 
circuit model lead to a smoother output current Io. 
3.6.2.4 Hardware Testing of the Converter Under Two Different Transient 
States 
The operating parameters of the converter under this transient state test can be concluded in 
Table 3.6.6. A step current with the highest limit of 0.9 A is generated from one channel of 
the power source as the equivalent DC current source, while 13.2 V is the initial voltage of 




Table 3.6.6 Operating Parameters of the SAB Converter in Transient State 
Note: the input current source is approximated by the current limit mode of a DC power 
supply. 
In order to monitor the transient performance of the converter, DEWESoft-SIRIUS, which 
can record signals over a long period of time, is used to record the waveform instead of a 
typical digital oscilloscope. One limitation of the DEWESoft-SIRIUS is its sample rate is 
much slower than that of the digital oscilloscope, which leads to a significant distortion of 
the waveform if monitored in detail. However, when looking at the waveform over a long 
period of time, DEWESoft-SIRIUS is able to record the variation trend, despite the fact that 
some of the small period detail can be lost. 
Initial Output Voltage 13.2 V 
Input Current 0.9 A 
Desired Input Voltage 12.6 V 
Frequency 62.5 kHz 
Transformer Turns Ratio N2:N1 1.4 
First Transient State Step Input Current 




Figure 3.6.13 Transient State Performance of the SAB DC-DC Converter 
Figure 3.6.13 shows the waveforms of Vin, Ipwm_out and Vo over a relatively long period of 
time compared with the switching period 16 μs. The average value of the waveform based 
on a 0.05 s time period is given as well as the original waveform to reduce the influences 
caused by the noise to provide a more clear view of the dynamic performance of the 
waveform. 
At t1, a step input current occurs, increasing from 0 to 0.9 A. The control loop monitors the 
input voltage and tries to reduce the error by varying the duty ratio. Different from the 
simulation, although the initial voltage of the input capacitor is not charged to the desired 
input voltage value, the significant voltage spike shown in Figure 3.5.3-a does not happen. 
This phenomenon is caused by the snubber or parasitic capacitors in all the semiconductor 
components, as well as the internal capacitors of the DC power supply, and the relatively 
low operating current and voltage. 
Between t1 and t2, the output voltage Vo is increasing gradually, as the DC battery is 
continually charged when the converter is operating. This is also increasing the time needed 
for Vin to go to its desired value. 
H: Hardware Testing-Real Waveform  
HAverage: Hardware Testing-Average Value of the Waveform Based on a Period of 0.05s 
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At t2, a sudden voltage drop at the output is forced into the circuit, and the input voltage is 
still controlled well at the desired voltage, although the reaction of the control circuit is not 
reflected clearly in the waveform diagram, due to the slow sample rate of the equipment and 




















Introduction of Novel Offshore Wind 
Turbine Based Generation System 
When building an offshore wind farm, some wind farms are close to the shore while others 
can be far from the shore. AC submarine transmission cables can be used to connect the 
wind farms close to the shore, typically less than 50 km in distance [105, 106], with the 
onshore power system. For example, the East China Sea Bridge 100 MW offshore wind farm 
with the farthest offshore distance of 13 km, uses AC transmission and network [107]; the 
Kentish Flats offshore wind farm in the UK which is 8.5 km distance from the shore and the 
power is transferred by AC submarine cables [108]. Regarding the further offshore wind 
farms, DC transmission is surpasses AC transmission. The Troll A offshore Project in 
Norway [109], the Tennet Offshore Wind Farm Complex project located in the North Sea 
near the German Coast [110], and many wind farms in the UK Round 3 offshore 
development zones [111] are all based on DC transmission. In these offshore wind farm 
based systems, DC transmission is applied as the offshore wind farm is at least 100 km away 
from the shore. 
This PhD study is concentrated on a prospective offshore wind farm based multi-terminal 
MVDC/HVDC system, as shown in Figure 1.4.1. The detailed model of the system including 
the full control circuit in each section is built and studied. The detailed model is necessary 
for this research, as the AC Losses on system DC cables are calculated based on the Fast 
Fourier Transform (FFT) analysis of the simulation results and the more detailed the model, 
the more accurate the results will be. The full control circuit is also used because the 
characteristics of the power transferred are totally determined by the wind, and successful 
and accurate system simulation is implausible if manually set equivalent current sources are 
applied, as it is a current source input system rather than a power input system. Also, the 
different wind farm structures are studied and compared in this research, as well as proving 
the operation capability of the whole system. 
Before the introduction of the system section by section, a system level diagram is as shown 
in Figure 4.1, and the system specification are given below: 
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Wind Turbine (WT): Type AD5135, power rating 5MW, cut-in wind speed 5m/s, cut-out 
wind speed 25m/s, rated wind speed 12m/s, nominal rotation speed 12rpm. 
Permanent Magnetic Synchronous Generator (PMSG) – Installed into the hub of the wind 
turbine to transfer the mechanical power into electrical power: nominal line rms voltage is 
2.6 kV, nominal line rms current is 1.1 kA, power rating is 5 MW, nominal frequency is 55 
Hz and controlled variable is output current. 
Pulse Width Modulation Rectifier (PWM) – AC-DC converter connected after the PMSG: 
nominal line rms voltage is 2.6 kV, nominal line rms current 1.1 kA, power rating is 5 MW, 
fundamental frequency is 55 Hz, output DC voltage is 5 kV and controlled variable is pulse 
width of the switches of the PWM rectifier.  
5MW DC-DC converter connected after the PMW rectifier to step up the voltage from 5 kV 
to 50 kV before the multi-terminal connection: converter type is Single Active Bridge (SAB) 
DC-DC converter, input voltage is 5 kV, output voltage is 50 kV, power rating is 5MW, 
switching frequency is 2 kHz and controlled variable is input voltage. 
Input Series Input Parallel Output Series (ISIPOS) DC-DC Converter – Collect the power 
from the wind farm and step up the voltage from 50kV to 400 kV before the long distance 
transmission to the shore: converter types are Identical Three Phase ISIPOS converter or 
Identical SAB ISIPOS converter or SAB+Three Phase ISIPOS converter, input voltage is 
50 kV, output voltage is 400 kV, power rating is 200 ~ 1000 MW (reduced in simulation 
work), switching frequency of the SAB converter is 2 kHz, switching frequency of the Three 
Phase converter is 667 Hz and controlled variable is input voltage. 
±25 kV DC cables – Multiple Turbine+PMSG+PWM+5MW DC-DC converter blocks to 
ISIPOS DC-DC converter: cable length of each branch is 0.6x km where x is the number of 
turbines in each branch, power rating of the cable of each branch is 5x MW. Cable RLC 
parameters are R = 60 mΩ/km, L = 0.3 mH/km, C = 0.2 µF/km. 
±200 kV DC cables – Long submarine transmission cables connected between ISIPOS DC-
DC converter and onshore power system: cable length is 100 km, power rating of the cable 
is 5y MW, where y is the number of turbines in the whole offshore wind farm. Cable RLC 
parameters are R = 30 mΩ/km, L = 0.8 mH/km, C = 0.13 µF/km. 
Onshore Modular Multilevel Converter (MMC) – DC to AC inverter connected between 100 
km submarine cables and onshore AC power system: input voltage is 400 kV, output voltage 
depends on the onshore power system connected after it, power rating is 5y MW where y is 
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the number of turbines in the whole offshore wind farm. The MMC and onshore power 
system is simplified as a voltage source in the simulation model. 
The description of the choices for all of the above parameters will be presented when each 





Figure 4.1 Wind Farm Based Multi-Terminal HVDC System: 200~1000 MW in Real 






4.1 Offshore Wind  
4.1.1 Reference Wind Farm 
In this project, the target far offshore wind farm will be built in the northeast of Scotland. 
Although the west of Scotland has higher average wind speeds as well as higher average 
output wind power, most of the main consumption loads, like Aberdeen and Edinburgh, are 
on the east coast of Scotland. In the researcher’s PLECSBlockset embedded 
Matlab/Simulink model, the distance between the offshore wind farm and the onshore 
system is set to be 100 km, because the typical length of offshore submarine HVDC cables 
are always between 60 km-200 km, and 100 km is the average value of the typical length 
[18]. Based on the general background information stated above, the Hywind Scotland Pilot 
Park project [112] is taken as the parameter setting reference. Some data about it are 
provided in Table 4.1.1 below: 
Hywind Scotland Pilot Park Project 
Wind Speed Rank in the World 136 
Single Turbine Rated Power 6 MW 
Distance from the Shore 25 km 
10 Years (2000-2009) Average Wind Speed 10.3 m/s 
Table 4.1.1 Operating Data of Hywind Scotland Pilot Park Project 
4.1.2 Wind Model  
Regardless of the wind direction, just considering the character of the wind, the wind model 
can be represented as [113]: 
𝑆𝑤𝑡 = 𝑆𝑤𝑏 + 𝑆𝑤𝑔+𝑆𝑤𝑟+𝑆𝑤𝑛                                                  (4.1.1) 
where Swt is the characteristic of natural wind speed with units (m/s), Swb is the fundamental 
wind  speed with units (m/s), Swg represents gust wind speed with units (m/s), Swr is ramp 
wind speed with units (m/s), Swn is noise wind speed with units (m/s). 
Swb: Fundamental Wind Velocity 
Taking the fundamental wind speed Swb to be equal to the average wind speed in Table 4.1.1: 
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𝑆𝑤𝑏 = 10.3 𝑚/𝑠 
Swg: Gust 
Swg represents a gust in the wind model, indicating a sudden change of the wind speed: 
𝑆𝑤𝑔 = {
0 1000 𝑡 < 𝑡1
𝑆𝑐𝑜𝑠 1000 𝑡1 < 𝑡 < 𝑡1 + 𝛿𝑡
0 1000  𝑡 >   𝑡1 + 𝛿𝑡
 








where t is time in (s), δt is the period of the gust in (s), t1 is the beginning time of the gust in 
(s), Gmax is the maximum value of the gust speed in (m/s). Figure 4.1.1 below shows an 
example of the speed curve of the gust when Gmax = 6 m/s and δt = 6 s. 
 
Figure 4.1.1 Gust 
Swr: Ramp Wind 





0 1000 𝑡 < 𝑡1𝑟
𝑆𝑟𝑎𝑚𝑝 1000 𝑡1𝑟 < 𝑡 < 𝑡2𝑟
0 1000  𝑡 >   𝑡2𝑟
 
and                                                                                           (4.1.3)                                                  




where t1r is the start time in (s), and t2r is the end time of the ramp wind in (s). Rmax is the 
maximum value of the ramp wind speed in (m/s). Figure 4.1.2 plots the features of the ramp 
wind when Rmax=10 m/s and t1r = 4 s, t2r = 7 s, t3r = 11 s. 
 
Figure 4.1.2 Ramp Wind 
Swn: Noise Wind 
Noise wind reflects the randomness of the change of wind speed within a specific range and 
can be described by a random number generator with lower and upper limits. In this research, 
the lower and upper limit of the Noise Wind is set to be ±1. 
In this research, the operation of the whole system under two different wind conditions is 
monitored and analysed: constant wind speed condition and combined wind speed condition. 
4.1.2.1 Constant Wind Speed Condition 
In the constant wind speed case, it can be considered that the offshore wind turbines are 
activated by a relatively stable wind speed, about 10.3 m/s according to section 4.1.1, and 
Swg =Swr=0 at this time. Figure 4.1.3 gives the graph of wind speed during a small time slot 
in this situation. 





Figure 4.1.3 Stable Wind Speed 
4.1.2.2 Combined Wind Speed Condition-Natural Wind 
In the constant wind speed situation, the wind speed is relatively stable and will work only 
in the Maximum Power Point Tracker (MPPT) region. When the natural wind blows, the 
turbine can go into the full power region and the blade pitch will be changing, which means 
the pitch angle is not equal to zero anymore [114]. In the real world, this is a common 
circumstance in the far offshore environment, so any impact on the whole system caused by 
the natural wind must be discussed. The graph of an example of natural wind can be seen in 
Figure 4.1.4.  
 
Figure 4.1.4 Natural Wind  
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A rate limiter with a reasonable high slew rate is added in this natural wind model to avoid 
a sudden change of the wind speed with an infinite rate value. A step change of the wind 
speed is not only unreal, but also causes iteration exceed/convergence problems in the 
simulation model. 
 
4.2 5 MW Offshore Wind Turbine 
In 2013, the average size of offshore wind turbines was reported as 3.613 MW, and the 
market trend at that time also indicated that turbines rated at 10 to 20 MW would be operated 
in the near future [115]. In 2015, the rating of the largest offshore wind turbine generator 
reached about 5 MW [116]. Following the 5 MW wind turbine model built in [116], the 
power rating of the wind turbine used for this research was also selected to be 5 MW as a 
typical value. In 2018, the power rating of the largest offshore wind turbine was 8 MW, 
which reinforces the predictions years ago. 
The Institute for Energy System at the University of Edinburgh has carried out research on 
offshore renewable energy power generation for many years. Based on the previous work 
from researchers in the University of Edinburgh [117], the manufacture and operating 
information of AD5135, a 5 MW wind turbine built by Adwen [74], are given in Table 4.2.1: 
Typical Parameters of a 5MW Wind Turbine 
Blade Length (radius) 58m 
Cut-in Wind Speed 5m/s 
Cut-Out Wind Speed 25m/s 
Rated Wind Speed 12m/s 
Maximum Power Coefficient Cp_max 0.48 
Optimum Tip Speed Ratio λopt 8.1 
Table 4.2.1 Turbine Parameters 
In this research, the simulation module of the wind turbine is built according to the 
parameters of the 5 MW AD5135. All the formula applied in section 4.2 aim to provide the 
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relationship between the wind speed, pitch angle of the specific 5 MW wind turbine and its 
output power and torque. 
4.2.1 Turbine Tip Speed Ratio λ  




                                                                          (4.2.1) 
where ωm (rad/s) is the mechanical rotating speed of the turbine shaft, R (m) is the length of 
the blade, and Swb (m/s) represents the wind speed. 
4.2.2 Wind Turbine Power Coefficient Cp  
The wind turbine power coefficient, Cp, is given by equation 4.2.2 [118]. 
 
𝐶𝑝(𝜆, 𝛽) = 𝑐1 × (
𝑐2
𝜆𝑖
− 𝑐3 × 𝛽 − 𝑐4 × 𝛽
2 − 𝑐5) × 𝑒
−
𝑐6









where β (degrees) expresses the pitch angle of the turbine, and c1~c7 are all constant numbers 
without any units. 
𝑐1 = 0.5176        𝑐2 = 116        𝑐3 = 0.4        𝑐4 = 0        𝑐5 = 5        𝑐6 = 21        𝑐7 = 0.0068 
The maximum value of the turbine power coefficient can be obtained when β=0 and λ=8.1: 
𝐶𝑝_𝑚𝑎𝑥 = 0.48 
4.2.3 Wind Turbine Output Power Pw and Torque Tw  
The output power of a wind turbine can be treated as a function of the turbine power 










𝜌 × 𝜋 × 𝑅5 × 𝜔𝑚




𝑉𝑐𝑢𝑡−𝑖𝑛 ≤ 𝑉𝑤 ≤ 𝑉𝑟𝑎𝑡𝑒𝑑





where ρ (kg/m3) is the air density. When the wind speed is within the MPPT region, see 





𝜌 × 𝜋 × 𝑅2 × 𝑉𝑤
3 × 𝐶𝑝_𝑚𝑎𝑥                                          (4.2.4) 
For wind velocity above the rated wind speed, the wind turbine is controlled by the rotation 
of the pitch angle to deliver a constant power. 
Combining the parameters of AD5135 in Table 4.2.1 and the Siemens 3.6 MW wind turbine 
performance curve in Appendix XIII [119], the wind turbine power curve with respect to the 
wind velocity of this model is plotted in Figure 4.2.1. 
 
Figure 4.2.1 Wind Turbine Power Curve with MPPT 
In this simulation model, the parameter used to correlate the wind turbine and PMSG is the 




                                                                       (4.2.5) 
4.2.4 Wake Effect and 5D Principle 
In an offshore wind farm array, the received wind speed of wind turbines sited on the 
downwind direction will be slower than that of wind turbines sited on the upwind direction. 
Moreover, the smaller the distance between these turbines, the received wind velocity will 
be reduced further, and the turbulence will be increased. This phenomenon is called the 
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Wake Effect. On the other hand, the turbine spacing needs to be set as close as possible to 
minimise the infrastructure cost and the cable losses [120].  
When an optimisation procedure is carried out, assuming the wind is roughly 
omnidirectional, wind turbines in arrays should be spaced at least 5 rotor diameters apart, 
which is called the 5D principle [120]. 
According to Table 4.2.1, the rotor diameter of the modelled wind turbine is 116 m, which 
means the distance between two adjacent turbines should be set above 580 m, say 0.6 km. 
Finally, in this simulation model, the length of the cable connecting two neighbouring 
turbines is selected to be 0.6 km.  
 
4.3 5 MW Permanent Magnet Synchronous 
Machine 
The Permanent Magnet Synchronous Machine (PMSM) is a type of electrical machine which 
is magnetised by permanent magnets on the rotor rather than an additional DC excitation 
circuit. In this research, 5 MW 55 Hz output PMSGs with line voltage of 2.6 kV and line 
current of 1.1 kA are used in the simulation model. The power rating of the machine depends 
on the power rating of the wind turbine used, while its line voltage is calculated according 
to the PWM rectifier connected after it. The selection of the parameters of the PMSG will 
be discussed in detail together with the PWM rectifier parameters in section 4.4. 
4.3.1 Advantages and Disadvantages of PMSM 
The main advantages and disadvantages of a PMSM can be concluded as below [121]: 
Advantages 
a) No excitation losses. PMSM always works more efficiently, and its thermal 
characteristics are also improved. 
b) Absence of mechanical components such as excitation windings, slip rings and 
brushes, leading to a smaller volume and lighter weight of the PM machine. 
c) Simple structure improves the reliability of the machine. 
Disadvantages 
a) Excitation cannot be adjusted. 
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b) Some permanent magnet materials are hard but brittle which result in poor 
machinability. 
c) Permanent magnetic material can be demagnetised in a high-temperature 
environment.  
d) Permanent magnets are very expensive 
At present, although the most common generator type for an offshore wind farm is still the 
Double Fed Induction Generator (DFIG), based on all the advantages of the PMSM 
described above, Permanent Magnet Synchronous Generator (PMSG) become an attractive 
alternative solution for wind turbine applications. In this research, all wind turbines in the 
Simulink model work with PMSGs. 
4.3.2 Material and Structure of PMSG 
As is well known, most of the permanent magnetic materials have very poor machinability, 
so during the manufacture multi-processing is not recommended. Therefore, most permanent 
magnet machines have a simple structure with the permanent magnets embedded into the 
machine, while hard iron material is used to guide the magnetic flux [122]. 
Figure 4.3.1 shows the rotor structure of a PMSG. The pole body of the rotor is made of 
permanent magnet materials, with silicon steel sheet laminates in the pole shoes of the rotor. 
Compared with other materials, superiorities of the silicon steel can be concluded as [122]: 
a) High resistivity    
b) High maximum permeability  




Figure 4.3.1 Rotor structure of the Permanent Magnet Synchronous Generator [122] 
4.3.3 Mathematic Model of PMSG  
4.3.3.1 PMSG Rotor Movement Equation 
In order to develop a mathematical model of the PMSG, the relationship between the output 
mechanical power from the turbine and the electrical power of the machine should be 
obtained first. According to Newton’s law of motion, the rotor movement equation of a 




= 𝑇𝑚 − 𝑇𝑒 − 𝐹 ×𝜔𝑚 − 𝑇𝑟 × 𝜔𝑚                                 (4.3.1) 
where J (kg*m2) is the inertia of the machine, Tm (N*m) is the mechanical torque, Te (N*m) 
is the electromagnetic torque, F is the coefficient of viscous friction and T r (N*m*s) 
represents the coulomb friction. Normally, Tr is disregarded. 
4.3.3.2 Line Voltage Park Transformation 
If monitoring the electromagnetic performance of a PMSG under the static abc frame, large 
variations of the parameters of the machine equation can be caused by the rotation and 
saliency effect of the rotor of the machine, which will lead to significant difficulties during 
1- Permanent Magnet   2- revolving shaft   3-pole shoe 
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the calculation and modelling. In order to solve this problem, according to the Two Reaction 
theory of the synchronous machine, the abc three phase winding of the machine can be 
transferred and fixed on to the d, q axis, which are rotating synchronously with the rotor of 
the machine. The inductor parameters in the equations obtained after the dq transformation 
are constant, and the windings on the d, q axis are decoupled (mutual inductance = 0), 
providing convenience for the control, calculation and modelling [117, 121, 123-128]. 
When designing the control loop of the PMSG or other three phase systems, the line voltage 
Park transformation is better than that of the phase voltage, as finding the neutral reference 
point is not necessary. 








2 cos𝛼 cos𝛼 + √3 sin𝛼




)                               (4.3.2) 
where Vd, Vq are winding voltages on the d axis and q axis, Vab and Vbc are machine stator 
line voltages on the abc frame, and α (degrees) indicates the angle of the stator phase voltage 
Va on the abc frame. 
4.3.3.3 Three-Phase Sinusoidal Mode Electrical System Equation for PMSG 
Based on the Park transformation, the flux linkage equation, stator voltage equation and 
power relationship of the PMSG, equation (4.3.3) can be obtained [117, 121, 123-128].  
 











× 𝑝 × 𝑖𝑞 × [𝛹𝑚 + (𝐿𝑑 − 𝐿𝑞) × 𝑖𝑑] 
(4.3.3) 
In equation 4.3.3, Rs (Ω) is the resistance of per phase winding of the machine stator, id, iq 
are currents on the d axis and q axis, ω (rad/s) is the angular frequency of the three phase 
voltages or currents on the machine stator, Ψd (Wb times number of turns of the winding per 
phase) and Ψq (Wb times number of turns of the winding per phase) represent the magnet 
flux linkage  on the d axis and q axis, p is the number of pole-pairs of the machine, Ψm (Wb 
times number of turns of the winding per phase) is the peak value of the flux linkage on the 
stator, Ld and Lq are inductances on the d axis and q axis. More details about equation (4.3.3) 
are in Appendix XV. 
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4.3.3.4 Inverse Park Transformation of Machine Current 
Although the Park transformation simplifies the model of the machine and analysis 
procedures, the inverse Park transformation becomes an essential step when building the 
model in the system, as the three phase sinusoidal is the realistic output while the dq0 can 
be regarded as the assistant parameters. Equation (4.3.4) demonstrates the current inverse 
Park transformation, in which iabc means the matrix of the machine three phase stator 
currents, P-1 is the matrix of the inverse park transformation, idq0 is the matrix of the currents 
on the dq0 axis. In the simulation model, ia, ib and ic are considered as the three phase input 
current sources of the PWM rectifier connected after the PMSG [117, 121, 123-128]. 
𝒊𝒂𝒃𝒄 = 𝑷
−𝟏𝒊𝒅𝒒𝟎 
 𝑖𝑎 = 𝑖𝑑 × cos𝛼 − 𝑖𝑞 × sin𝛼 
𝑖𝑐 = 𝑖𝑑 × cos(𝛼 + 120°) − 𝑖𝑞 × sin(𝛼 + 120°)  
(4.3.4) 
Combining all the equations stated in this section 4.3.3, the mathematical model of a PMSG 
can be built. 
4.3.4 Control System of the PMSG 
The control system of the PMSG is designed together with that of the PWM rectifier 
connected after it. This is detailed in section 4.4. 
 
4.4 5 MW PWM Rectifier 
This research is concentrated on the operation of a DC multi-connection and transmission 
offshore wind farm based system. The outputs from the wind turbine and PMSG are always 
AC rather than DC, so AC-DC rectifiers are necessary to transfer the power from an AC 
circuit to the DC system. A 5 MW Pulse Width Modulation (PWM) rectifier is selected in 
this research, and its power rating is set to be the same as the power rating of the wind turbine 
applied in the study. 
 Pulse Width Modulation (PWM) is a type of modulation technique which can produce the 
required waveform, including its shape and magnitude, by the modulation of the 
corresponding pulse width. This technique is based on an important conclusion on sampling 
control theory [92]: When adding spike pulses with same areas but different shapes on an 
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inertial loop, the output responses of the inertial loop are nearly the same. It is called the 
area equivalence principle. 
4.4.1 Comparison Between Diode Rectifier and PWM Rectifier  
There are two possible rectifier structures in an offshore wind farm system, PWM active 
rectifier and diode passive rectifier, as shown in Figure 4.4.1. The comparison between these 












Figure 4.4.1 Offshore Wind Farm Generator with Active and Passive Rectifier 
Compared with the PWM rectifier, the passive rectifier does not need to have a control 
system and has low switching losses. However, the non-sinusoidal output waveform to the 
diode rectifier will cause much higher machine losses in the PMSG, and these machine 
losses may exceed the switching losses. Generally speaking, for a rectifier connected after a 
PMSG in this type of system, the PWM rectifier outperforms the diode rectifier and is chosen 
in this research. However, it is also undeniable that sometimes a passive rectifier can be 









(a) PWM Rectifier                                                                      (b) Diode Rectifier 
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 PWM Rectifier Diode Rectifier 
Input Waveform More sinusoidal Not very sinusoidal 
Switching losses Yes No 
Conducting losses Slightly higher Slightly lower 
Control Yes No 
Machine Losses Much lower Much higher 
Dynamic Response Faster Slower 
Table 4.4.1 Brief Comparison Between PWM Rectifier and Diode Rectifier in Figure 4.4.1 
4.4.2 Operating Parameters of the 5 MW PWM Rectifier  
Table 4.4.2 below summarise the main parameters of the 5 MW PWM Rectifier used for this 
research system. 
5 MW Pulse Width Modulation Rectifier Nominal Parameters 
Nominal line voltage Vrms 2.6 kV 
Nominal Input line current irms 1.1 kA 
Fundamental frequency fref [131-133] 55 Hz 
Carrier frequency fc [92] 1155 Hz 
Frequency ratio Nf [92] 21 
Modulation Index [93] 0.85 
Table 4.4.2 5 MW Pulse Width Modulation Rectifier Nominal Parameters 






The nominal rotation speed of a wind turbine is typically around 12rpm. The output 
frequency of a PMSG depends on the turbine speed, the gearing and the number of machine 
pole pairs, while the switching frequency of the PWM rectifier depends on the output 
frequency of the PMSG. Always, a machine with more pole pairs is bigger and heavier, 
causing more problems during the manufacture and installing procedures. However, 
sometimes the output frequency of a lighter machine with fewer pole pairs can cause much 
higher Total Harmonic Distortion (THD) than that with more pole pairs (higher frequency). 
For example, if the machine output is 55Hz rather than 20 Hz, the frequency of the harmonics 
is much higher and more easily to be filtered out.  
In this simulation model, after a thorough consideration, the final nominal output frequency 
of the PMSG is set to be 55 Hz. According to [131-133], 55 Hz output frequency is close to 
the upper limit for a 5 MW PMSG. 55 Hz was chosen in order to differentiate the output 
frequency of the PMSG from the nominal grid frequency of 50 Hz. Under these conditions, 
the optimum frequency ratio Nf, which is the ratio between the carrier frequency and the 
frequency of the reference sine wave, is equal to 21 [92], and a gearbox may still be needed, 
but this will not be discussed in detail in this research.  
Nominal voltage and current 
Equation (4.4.1) indicates the relationship between the rms value of the input line voltage 
Vline_rms and output dc voltage Vdc of a PWM rectifier [93]: 
𝑉𝑙𝑖𝑛𝑒_𝑟𝑚𝑠 = 𝑚 ×
√3𝑉𝑑𝑐
2√2
                                                           (4.4.1) 
where m is the modulation index of the PWM rectifier. 
According to [93], the nominal value of m is selected to be 0.85 to obtain a relatively small 
THD, and the output DC voltage of the PWM rectifier Vdc in equation (4.4.1) is the input 
voltage of the 5 kV-50 kV SAB DC-DC converter studied in Chapter 3. Subsequently the 
nominal line voltage and current of the 5 MW PWM rectifier can be calculated, as shown in 
Table 4.4.2. The nominal line voltage and current of the PWM rectifier are also the nominal 
line voltage and current of the PMSG connected at the previous stage. Once the nominal line 
voltage is calculated by equation (4.4.1), the line current can be calculated by the nominal 




4.4.3 Control Loop of the Generator Side Converter  
The overall control circuit of the generator side converter needs to take into account the 
operating requirements of the system, with PWM trigger pulses generated based on the 
desired voltage and power. The conceptual control theory is illustrated in Figure 4.4.2. The 
active power and its related physical quantity include active power, DC voltage, switching 
frequency and DC current. The reactive power and its related physical quantity include 
reactive power and AC voltage. In the control circuit, the outer loop voltage and power 
controller receives the command reference value issued by the system level controller, which 
generates an appropriate reference signal according to the target value, and transmits it to 
the inner loop current controller. Using the command signal, the AC reference value can be 
obtained by the inner loop current controller after a series of operations, then sent to the 
switch control layer [117, 134]. 
 
Figure 4.4.2 Conceptual Control Theory of the Generator Side Converter 
Figure 4.4.3 shows the equivalent topological structure of a PMSG connected to a PWM 
rectifier. In this case, equation (4.4.2) can be applied, where L is the three phase inductance 
matrix of the machine stator, Vs_abc is the three phase stator terminal voltage matrix of the 



















Figure 4.4.3 Topology of Generator Side Converter 
Reference value 
of the active 




of the reactive 
















= −𝑅𝑠 × 𝒊𝒂𝒃𝒄 + (𝑽𝒔_𝒂𝒃𝒄 − 𝑽𝒂𝒃𝒄)                               (4.4.2) 








+ 𝑅𝑠 −𝜔 × 𝐿𝑞










)                (4.4.3) 
According to Figure XV-1in Appendix XV: 
𝑉𝑠𝑑 = 0      𝑉𝑠𝑞 = 𝜔 ×𝛹𝑚  
This means the active power is aligned with the q axis, and reactive power is aligned with 
the d axis. 
Rearranging equation (5.4.2): 
 𝑉𝑑 = −𝑉𝑑
′ + ∆𝑉𝑞 
𝑉𝑞 = 𝑉𝑠𝑞 − 𝑉𝑞




′ = 𝐿𝑑 ×
𝑑𝑖𝑑
𝑑𝑡
+ 𝑅𝑠 × 𝑖𝑑            ∆𝑉𝑑 = 𝜔 × 𝐿𝑑 × 𝑖𝑑         
𝑉𝑞
′ = 𝐿𝑞 ×
𝑑𝑖𝑞
𝑑𝑡
+ 𝑅𝑠 × 𝑖𝑞            ∆𝑉𝑞 = 𝜔 × 𝐿𝑞 × 𝑖𝑞        
Vd’ and Vq’ can be treated as the voltage components that have a first order differential 
relationship with id and iq, and can be achieved by the PI cycle listed below. In equation 
(4.4.5), id_ref and iq_ref are the reference values or set values of the input d-axis and q-axis AC 
current of the PMW rectifier. 
 
𝑉𝑑
′ = 𝐾𝑝1 × (𝑖𝑑_𝑟𝑒𝑓 − 𝑖𝑑) + 𝐾𝑖1 ×∫(𝑖𝑑_𝑟𝑒𝑓 − 𝑖𝑑)𝑑𝑡 
𝑉𝑞
′ = 𝐾𝑝2 × (𝑖𝑞_𝑟𝑒𝑓 − 𝑖𝑞) + 𝐾𝑖2 ×∫(𝑖𝑞_𝑟𝑒𝑓 − 𝑖𝑞)𝑑𝑡 
(4.4.5) 
Note: The concept of equation (4.4.5) is critical in most of the design of the control circuit. 




4.4.3.1 Inner Current Loop Control 
According to equation (4.4.3), (4.4.4) and (4.4.5), the inner current control system structure 
of the generator side converter in Figure 4.4.4 can be obtained: 
 
Figure 4.4.4 Inner Current Control System Structure of Generator Side Converter 
Considering the faster current tracking property of the inner current control loop and the 
stability of the whole system, the pole-placement method will be put into use when designing 
the PI regulator of the inner control loop. 














































Substituting equation (4.4.7) into equation (4.4.6), the closed loop transfer function of the 

















High crossover frequency can help to guarantee the fast response of the system, but the 
crossover frequency should be put at least one decade below the switching frequency as well 
[93]. In view of the switching frequency of the PWM rectifier, the inner current control loop 






= 25.07                                                     (4.4.9) 
Based on [117, 124], for a 2.6 kV, 5 MW PMSG: 
𝐿𝑑 = 𝐿𝑞 = 𝐿𝑙𝑠 +
3
2
× 𝐿𝑚𝑠 = 10.2741𝑚𝐻 +
3
2
× 4.4434𝑚𝐻 ≈ 16.94𝑚𝐻 
𝑅𝑠 = 0.1189Ω 
where Lls is the leakage inductance, and Lms is the magnetising inductance of the machine. 
Finally, combining equation (4.4.7) and (4.4.9): 
𝐾𝑝1 = 𝐾𝑝2 = 0.42   𝐾𝑖1 = 𝐾𝑖2 = 2.95 
Note: The values of Kp1,2 and Ki1,2 calculated by the pole-placement method are very close 
to those acquired by the symmetrical method. 
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4.4.3.2 Power Control loop of Converter 
The transfer function block diagram of the power control loop of the converter is shown in 
Figure 4.4.5. P represents the output active power of the PMSG, while P_ref is the reference 
or desired output active power of the wind turbine which is set by the MPPT model of the 
wind turbine. 
 
Figure 4.4.5 Power Control Loop of Converter 
In order to tune the PI parameters of the outer control loop, the numerical function of the 










                                             (4.4.10) 
Depending on the closed loop transfer function TFq, Figure 4.4.5 can be redrawn as in Figure 
4.4.6: 
 
Figure 4.4.6 Simplified Power Control Loop of Converter 











    𝜔𝑐𝑜𝑝 =
𝐾𝑖𝑝
𝐾𝑝𝑝



















× 𝑠 + 1
)|| = 1 
(4.4.11) 
where TFop is the open loop transfer function of the outer power control loop, and ap 
represents the symmetrical gain. 


















 || = 1                    (4.4.12) 




                                                          (4.4.13) 
The closed loop transfer function of the outer power control loop can be written as: 
𝑇𝐹𝑝 =
1.5𝑉𝑠𝑞 × (𝐾𝑝𝑝 × 𝑠 + 𝐾𝑖𝑝) × 25.07
𝑠 × (𝑠 + 25.07) + 1.5𝑉𝑠𝑞 × (𝐾𝑝𝑝 × 𝑠 + 𝐾𝑖𝑝) × 25.07
         (4.4.14) 
Combining equation (4.4.11), (4.4.13) and (4.4.14), the denominator TFp_deno of equation 
(4.4.14) can be rewritten as: 
𝑇𝐹𝑝_𝑑𝑒𝑛𝑜 = 𝑠
2 + 50.14𝑠 + (
25.07
𝑎𝑝
)2                                     (4.4.15) 
Finally, the expression of damping factor ζ can be obtained: 
2𝜁𝜔𝑐𝑜𝑝 = 50.14             𝜁 = 𝑎𝑝                                           (4.4.16) 
Always, ζ is chosen to be 1/√2 [135]. 




𝑉𝑠𝑞 = 𝑉𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘 = 2603 ×
√2
√3




= 3.14 × 10−4 
𝐾𝑖𝑝 = 25.07 × 𝐾𝑝𝑝 ×
1
𝑎𝑝
2 = 0.015 
(4.4.17) 
When Vsd =0, it is easy to obtain that Vsq =Vphase_peak according to the space vector diagram 
of the Park transformation [123, 124]. 
4.4.4 Reference Sine Wave Signal 
Figure 4.4.7 shows the contrast between control waveforms and the rectifier input voltage 
waveforms. In most PWM control systems, the magnitude of Vc_peak, the peak value of the 
carrier waveform, is set to be 1, which means: 
𝑚 = |𝑉𝑟𝑒𝑓_𝑝𝑒𝑎𝑘| 
In addition, the angle of Vref , the reference sine wave, should be the same as that of Vabc, the 
three phase voltage of the PWM rectifier, so: 
𝑉𝑟𝑒𝑓 = 𝑚∠𝑉𝑎𝑏𝑐                                                       (4.4.18) 
 
Figure 4.4.7 Comparison of Control Waveforms and Inverter Output Voltage Waveforms – 
Figure Taking From [93] 







= 𝑉𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘                                        (4.4.19) 
In a three phase PWM rectifier [93]: 
𝑉𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘 = 𝑚 ×
𝑉𝑑𝑐
2
                                                 (4.4.20) 
where m is the value of modulation index. Always m is set to be less than 1 in order to 
prevent over-modulation and increasing harmonic content. 
Putting equation (4.4.19) and (4.4.20) into equation (4.4.18), the expression of the reference 







∠𝑉𝑎𝑏𝑐                                     (4.4.21) 
Based on all the equations in this section, the control loop of the generator side converter 
can be built. 
4.5 5 MW SAB DC-DC Converter 
After the AC-DC PWM rectifier, a 5 MW SAB DC-DC converter is connected to step up 
the voltage before the multi-terminal DC connection. All the details about the SAB converter 
were discussed in section 3.4 and section 3.5, and are not stated here again. 
 
4.6 Input Series Input Parallel Output Series 
DC-DC Converter 
In Figure 4.1, an Input Series Input Parallel Output Series (ISIPOS) DC-DC converter is 
used to collect the power from all wind turbines and step up the voltage before the final 
transmission to the shore. This converter must be designed in the ISIPOS structure and 
constructed with numbers of individual converters since both the I/O voltage and power are 
too large to be handled by a single converter. The input voltage is 50 kV, which is the same 
as the output voltage of the 5 kV-50 kV DC-DC converter discussed in chapter 3. The 
selection of the output voltage of the converter, which should be the same as the voltage 
rating of the long transmission submarine DC cables connected between the offshore wind 
farm and onshore power system, is based on data from other research and HVDC submarine 
cables. In [18, 107, 136-138], the voltage rating of HVDC submarine cables vary from 320 
kV to 500 kV; hence, a mean value of 400 kV is chosen for the voltage rating of the long 
submarine cables in this research. As an example, the Sardinia-Corsica-Italy insulated 
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submarine cable is also rated at 400 kV, with the length of 105 km [136]. Finally, it needs 
to be mentioned that the power rating of the ISIPOS converter should correspond to the 
number of turbines in a wind farm, currently estimated to be between 200 MW to 1000 MW 
[18, 115, 139, 140].  
Based on the summary in section 3.1 and section 3.2, Table 4.6.1 below divides different 
kinds of ISIPOS structures that can be applied in the system by different properties.  
 Unidirectional  
Power Transfer 






SAB + Three 
Phase Structure 












× √ √ √ 
Table 4.6.1 Properties of Different ISIPOS Converter  
As discussed before in section 3.1, the DAB DC-DC converter is not very suitable for the 
200MW~1000MW Input Series Input Parallel Output Series (ISIPOS) DC-DC converter to 
transfer the power back due to having double the amount, or more, of switches connected in 
series/parallel, as well as increasing the cost and complexity of the system [59], and the 
secondary switches need to sustain a much higher voltage level. So in this study, the primary 
research area will concentrate on the unidirectional power transfer converter, while a brief 
introduction of the bidirectional converter is given.  
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4.6.1 Input Voltage Controllable ISIPOS Converters 
In this part, the comparison among three different input voltage controllable ISIPOS 
converter structures is given. From Table 5.6.1, SAB + Three Phase, Identical SAB and 
Identical DAB ISIPOS converter structures can control the input voltage, and these three 
structures are shown in Figure 4.6.1. In Figure 4.6.1, n represents the total number of IPOS 
converters applied in the ISIPOS converter structure, Vin is the input voltage of the converter 












































































































































































































Figure 4.6.1 Three Different Input Voltage Controllable ISIPOS Converter Structure 
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Identical SAB Identical DAB 
Backward power 
transfer 
Power cannot be transferred 
backward from on-shore 
system 
Power can be transferred 
back during the black start 
or in no-wind situation 
Requirement of back-
feed power 
1% rated turbine power [94] 
 
Switch losses + 
Conducting losses + 
Control losses [44] 
Lowest Middle Higher 
Complexity of Control 
System 
Simplest Middle Most Complicated 
Number of IGBTs X About 2X 




 Easier to built 
IGBTs 
Harder to built 
Need energy storage 










Table 4.6.2 Comparison Among SAB + Three Phase, Identical SAB and Identical DAB 




Table 4.6.2 gives a comparison between the three converter structures in Figure 4.6.1. 
Typically, about 1% rated wind power is needed under the “no wind” condition to supply 
the wind turbines’ control, protection and other auxiliary systems [94]. An auxiliary low 
power converter with unidirectional converter should be a better scheme than applying the 
bidirectional structure. The simulation study of the SAB+Three Phase converter structure 
and Identical SAB converter structure will be presented in later secions. 
4.6.2 Unidirectional ISIPOS Converters 
Figure 4.6.2 shows the circuit diagrams of three unidirectional ISIPOS converters. As stated 
before, these three converter structures are the major ISIPOS types applied in this research 
system. Compared with the input voltage controllable converter, Identical Three Phase 
ISIPOS converters inherit all the advantages of the single Three Phase converter, as well as 
the loss of duty ratio controllability.  In section 4.6.3, the simulation results of these three 
unidirectional ISIPOS converters, with n = 1, is given, with a comparison between the 3 










































































































































































































Figure 4.6.2 Three Different Unidirectional ISIPOS Converter Structure 
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4.6.3 Simulation Results and Analysis of Three Different 
Unidirectional IPOS Converter 
In this section, the simulation study of three different unidirectional IPOS converters is 
presented. In Figure 4.1, the ISIPOS converter is used to collect the power from the whole 
wind farm and step up the voltage after the multi-terminal connection. The 200~1000 MW 
ISIPOS converter in Figure 4.1 is reduced to a 15/30 MW converter in this simulation work, 
which means the value of n in a simulation can be much smaller than that in reality. 
Moreover, if setting n to be bigger than 1 in simulation, the system simulation requirements 
may exceed the ability of the software. Because increasing the value of n only reduces the 
I/O voltage and power of each Identical IPOS block, setting n=1 is a reasonable choice as it 
will not change the simulation results significantly or influence the overall performance of 
the high power, high voltage ISIPOS converter in the system. 
4.6.3.1 Circuit Diagrams of Three Different Unidirectional IPOS Converters 
Figure 4.6.3 shows a more detailed circuit diagram of these three different unidirectional 
IPOS converter structures, and the parameter labels of all the simulation results are based 
on this figure. 
4.6.3.2 Circuit Parameters 
The simulation circuit parameters of these three different unidirectional IPOS converters are 
given in Table 4.6.3. The design procedures of a SAB converter have been stated in section 
3.4 and section 3.5, so all the circuit and control parameters for this converter are presented 
directly in Table 4.6.3. The turns ratio of the Three Phase converter are calculated according 




















































c. Identical SAB IPOS Converter
 
Figure 4.6.3 Three Different Unidirectional IPOS Structures 
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50 kV-400 kV 30 MW IPOS converter  
SAB+Three Phase Bridge Identical Three 
Phase Bridge 
Identical SAB  





2 kHz 2/3 kHz 2/3 kHz 2 kHz 
Turns Ratio N1:N2=1:1.18  N1:N2=1.75 N1:N2=3:4 N1:N2=1:3.1 
Input 
Voltage  
50 kV 50 kV 50 kV 50 kV 
Output 
Voltage 
50 kV 175 kV 400/3 kV 400/3 kV 
Input 
Capacitor 
2.6 μF 2.6 μF 2.6 μF 2.6 μF 
Lp 986 μH   3mH 
Output 
Capacitor 
2.6 µF 2.6 µF 2.6 µF 2.6 µF 
Kp 1.435e-3   1.152e-3 
Ki 0.328   0.1064 
Table 4.6.3 Operating Parameters of Three Different Unidirectional IPOS Converters 
In this simulation study, an IPOS structure needs to handle a relatively high voltage and high 
power. However, in reality the system will consist of multiple structures, with n > 1. 






In the system, the input voltage of the IPOS converter is 50 kV, while the output voltage 
equals 400kV. 
For the balanced Identical Three phase Bridge IPOS converter with delta-star transformer 
scheme, the turns ratio N2:N1 or nTP_b can be calculated as: 
𝑛𝑇𝑃_𝑏 =
400
3 × 2 × 50
= 4: 3 
For the SAB+Three Phase Bridge IPOS converter, the turns ratio of each sub-converter 
should be designed according to the essential controllability. If the turns ratio of the SAB 
converter is relatively small, its output voltage can only take a small portion of the total 
output voltage Vo in Figure 4.6.3-a. In this situation, the output voltage ripple of each 
converter can be reduced at the cost of lower controllability of the IPOS structure. If 
increasing the turns ratio of the SAB converter, the whole ISIPOS structure can withstand a 
more extensive voltage fluctuation range, but the voltage ripple is also increased. In 
summary, the design of the turns ratio should depend on the stability of the receiving end 
system. In this simulation, the output voltage of the SAB converter is set to be 50 kV as a 
example value, so: 
𝑛𝑆𝐴𝐵_u𝑏 = 1.18: 1  
𝑛𝑇𝑃_u𝑏 =
350
2 × 2 × 50
= 7: 4 
where nSAB_ub is the turns ratio N2:N1 of the SAB converter in the SAB+Three Phase IPOS 
converter structure shown in Figure 4.6.3-a, and nTP_ub is the turns ratio N2:N1 of the Three 
Phase converter in the SAB+Three Phase IPOS converter structure shown in Figure 4.6.3-a. 
Switching Frequency 
The switching frequency of the SAB converter in this IPOS structure is set to be 2 kHz, 
which is the same as that for the multi-connected 5 MW SAB converter. In the real world, a 
5 kV input 5 MW SAB converter is a reasonable choice to be the part of the ISIPOS 
converter. Hence, 2 kHz is an appropriate switching frequency. The voltage/power rating of 
the converter is increased in simulation to be many times bigger than in realistic to reduce 
the number of converters in the simulation to a reasonable number, and all the “equivalent 
component parameters” will increase or decrease simultaneously to match the rating of the 
converter. However, the switching frequency of the converter should be set to the realistic 
value to keep the correct operating property of the converter. 
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The switching frequency of the Three Phase DC-DC converter is set to be 667 Hz, as 
discussed in section 3.1. 
Input and Output Capacitor 
In the simulation of the individual IPOS converter, both the input and output capacitors are 
selected to be 2.6µF, which is the output capacitor value of the multi-connected SAB 
converter. It is a small enough value that can realistically be used in the application for the 
high power high voltage system, and the simulation results in this section illustrate that both 
the input and output voltage ripple are limited within an acceptable range on the single IPOS 
simulation. The value of both input and output capacitor of the IPOS converter can be varied 
during the whole system simulation. The increase of the value of the capacitors under any 
IPOS converter structures can help to reduce the ripple content on the cable, but will increase 
the size and installation difficulty of the converter in the real world. 
4.6.3.3 Simulation Results 
In this section, all the simulation parameter labels are based on Figure 4.6.3. In Figure 4.6.3, 
Iin is a current source of 600 A, which is the nominal input current for the IPOS converter 
when six turbines are connected in the system; Vo is a voltage source of 400 kV, which is 
the output voltage rating of the IPOS converter.  




Figure 4.6.4 Input Voltage of Three Different IPOS Converters- Steady State 
Figure 4.6.4 shows the input voltage waveform of three different unidirectional IPOS 
converters in steady state. It can be seen that the voltage ripple of the Identical Three Phase 
Bridge IPOS converter is a little bit smaller than that of the unbalanced one, while that of 
the full controlled Identical SAB converter is much smaller than the others. The balanced 
converters also have a lower ripple. 
The peak-to-peak value of the voltage ripple content and Fast Fourier Transform Algorithm 
(FFT) analysis is not discussed in this chapter, as a more comprehensive discussion is 
presented in chapter 5 when analysing the performance of the whole system. 
Figure 4.6.5 displays the DC component of Vin_ub, Vin_bT and Vin_bS over a relatively longer 
period to illustrate the different performances of partly controllable, uncontrollable and fully 
controllable converters when the onshore system voltage fluctuates. In this simulation, the 
output voltage jumps from 400 kV to 410 kV at the end of the first second, before settling 
down to a steady value. 
Vin_ub: Input Voltage of SAB+Three Phase Bridge IPOS Converter 
Vin_bT: Input Voltage of Identical Three Phase Bridge IPOS Converter 




Figure 4.6.5 Input Voltage of Three Different IPOS Converters-Transient State 
As expected, the input voltage value of the uncontrollable Three Phase Bridge IPOS 
converter will increase together with the increase of the output voltage, while that of the 
controllable converters can finally go back to 5 kV after a few tens of seconds. It also can 
be observed that the fully controllable IPOS converter is more robust than the partly 
controllable converter, as it not only has a lower transient state peak but also goes back to 
the desired value faster. 
Output Voltage 
Figure 4.6.6 shows the waveforms of Vo_ub_SAB, Vo_ub_TP1, Vo_ub_TP2, Vo_bT_TP1, Vo_bT_TP2, 
Vo_bT_TP3, Vo_bS_SAB1, Vo_bS_SAB2 and Vo_bS_SAB3. As expected, the output voltages from 




Figure 4.6.6 Output Voltage of Each Sub Converter in Balanced and Unbalanced  IPOS 
Converters 
Evidenced from Figure 4.6.6, the output voltage ripple content of the Three Phase converters 
in unbalanced structure can be regarded as the compensation for the ripple content of SAB 
converter, while the outputs from the balanced structure are much more perfect and can be 
treated as almost zero THD. 
Output Current 
The output current waveform of these converters can be seen in Figure 4.6.7. For the 
unbalanced converter, like the output voltage, the output current of the Three Phase 
converter is also influenced by that of the SAB converter, as well as the Io_ub. For the 
balanced converter, the output currents of the Three Phase converters Io_bT_TP1,2,3 are the same 
Vo_ub_SAB: Output Voltage of the SAB Converter in SAB+Three Phase Bridge IPOS 
Converter Structure 
Vo_ub_TP1,2: Output Voltages of the Three Phase Converters in SAB+Three Phase Bridge 
IPOS Converter Structure 
Vo_bT_TP1,2,3: Output Voltages of the Three Phase Converters in Identical Three Phase 
Bridge IPOS Converter Structure 




as the final output current Io_bT, while the output currents of the SAB converters Io_bS_SAB1,2,3 
are the same as the final output current Io_bS. This result means in balanced converter 
structures, the dependency on the filter can be less, or smaller output capacitors are needed 
to limit the ripple content.  
In Figure 4.6.7: 
Io_ub_SAB: Output current of the SAB converter in SAB+Three Phase bridge IPOS converter 
structure. 
Io_ub_TP1,2: Output currents of the Three Phase converters in SAB+Three Phase bridge IPOS 
converter structure. 
Io_ub: Output current of the SAB+Three Phase bridge IPOS converter. 
Io_bT_TP1,2,3: Output currents of the Three Phase converters in Identical Three Phase bridge 
IPOS converter structure. 
Io_bT: Output current of the Identical Three Phase bridge IPOS converter.  
Io_bS_SAB1,2,3: Output currents of the SAB converters in Identical SAB IPOS converter structure. 







According to all the simulation results of the three different unidirectional IPOS converters, 
the overall performances of the balanced identical converters are better than the unbalanced 
converter. The waveform ripple content of the balanced converter are always smaller than 
that of the unbalanced converter. The simulation results in this section are aimed at providing 
Figure 4.6.7 Output Currents of Balanced and Unbalanced IPOS Converters 
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an understanding of the operation property of the IPOS converters themselves, while their 
performance on the system can have some differences,  and the more detailed comparison 
will be given in Chapter 5.  
In conclusion, all three IPOS converter structures have their advantages and disadvantages, 
and the final application should depend on the characteristic of the system and their 
performance on the system. 
 
4.7 MVDC/HVDC Undersea Cables 
Wind farms located far offshore have been developed to generate large amounts of electrical 
energy without significantly increasing the carbon footprint on our earth home. However, 
since most of the energy is consumed in cities, the energy must be transferred over long 
distances efficiently. In this research, after the ISIPOS converter collects all the power from 
the wind farm and steps up the voltage, long submarine cables are used to transfer the power 
from the offshore wind farm to the onshore power system. HVDC submarine transmission 
cables are often appropriate when wind farms are built further than about 50 km from the 
shore [105, 106, 141].  
4.7.1 HVDC Versus HVAC 
There are two main ways to transfer large amounts of electrical energy over long distances: 
High Voltage Alternating Current (HVAC) and High Voltage Direct Current. Compared 
with HVAC, for long distance power transmission, HVDC submarine cables has the 
following advantages [134, 142]: 
a) Lower cost when the transmission distance is more than around 50 km, as shown in 




 Figure 4.7.1 Compare HVDC and HVAC Transmission Cost  
b) Asynchronous grid connection: HVDC transmission can easily connect two systems 
without considering their frequencies and phases. 
c) Long distance transmission possible: There is no technical limit on the transmission 
distance of HVDC cables. For HVAC transmission, large cable capacitances of long 
transmission lines may lead to an inferior power factor of the system, as well as 
higher losses. 
d) Independent control of active and reactive power. 
e) Lower short circuit current 
In general, for this research, the length of the submarine cables used to connect the wind 
farm and the onshore receiving system is selected to be 100 km, since typical lengths of 
offshore submarine HVDC cables are between 60 km-200 km, and 100 km is the average 
value of the typical length [18, 143, 144]. Changes to the cable length do not have a 
significant effect on the cable voltage and current ripple content/AC losses, as longer cables 
are equivalent to bigger filters, but also have higher equivalent resistance. A detailed study 
of the effects on cable ripple content due to the variation in length of the 100 km cables is 
not presented in this research project but may form part of future work. 
4.7.2 Consideration of Transmission Lines in the System 
4.7.2.1 0.6 km Cable Connection Between Two Adjacent Turbines  
In the multi-terminal transmission system, the length of cables used to connect two adjacent 
wind turbines is taken to be 0.6 km. Assuming that there are ten turbines in each branch, the 
131 
 
longest distance from the first wind turbine at one end of a branch to the ISIPOS converter 
at another end of the branch is 6 km. It can be seen in the FFT analysis of the current 
waveforms on the 0.6 km cables in Appendix XVI, the primary frequencies of the current 
harmonics are multiples of 2fs, where fs (Hz) is the switching frequency of the multi-
connected 5 MW SAB DC-DC converter. The shortest main wavelength λ (m) of the current 







= 18.75 𝑘𝑚                                             (4.7.1) 
where c (m/s) is the speed of the light and f (Hz) can be regarded as the maximum dominate 
AC ripple frequency, 8fs, on the multi-connected cables. The selection of the 8fs as the 
maximum dominate AC ripple frequency is according to the information in Appendix XVI. 
Compared with 6 km, 18.75 km is about three times bigger, so it is not necessary for the 
cables at multi-connection parts to be considered as transmission lines [45]. 
4.7.2.2 100 km Cable Connection Between Offshore Wind Farm and Onshore 
System 
The highest primary frequency of the current harmonics on the 100 km cable is about 2.5 
kHz, which can be seen in Appendix XVI, and the shortest main wavelength λ of the current 







= 120 𝑘𝑚                                             (4.7.2) 
Compared with 100 km, a 120 km wavelength is only 1.2 times longer so the cable may need 
to be treated as a transmission line, but not necessary, if the rms value of the harmonics are 
low enough [45]. In this research, properties of the transmission line will not be discussed 
furthermore, and any studies related to that will be put into future work. 
4.7.3 Ripple content 
For a VSC HVDC/MVDC cable, current and voltage ripple must be limited for a number of 
reasons. Generally, the voltage ripple should not exceed ±2% of the DC component [45]. So 
in this research, voltage ripple connect on both multi-connected and 100 km long submarine 
cables are limited to within ±2% of the DC component. 
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4.7.4 HVDC Circuit Breaker 
Design of DC breakers are much more complicated than AC breakers due to the lack of zero 
crossing current. However, because of the increasing interest in MVDC/HVDC systems, 
research into DC circuit breakers is attracting more and more attention. Recently, a new 
class of hybrid HVDC breakers is emerging. It not only can have fast operating speed but 
also limits the power losses successfully [145]. The application of the DC breakers is not 
discussed in detail in this research. 
4.7.5 HVDC Cable π Model 
In this project, when building the cable model in PLECS-Simulink, a π model in Figure 4.7.2 
is applied. The π model is used to represent the equivalent circuit of the submarine cables, 
in order to obtain the FFT frequency spectrum of the AC ripple content on the cables. In 
[45], detailed models of the submarine cables are studied, and the relationship between the 
cable AC losses and the ripple frequency and magnitude is obtained. After the FFT analysis 
of the cable AC ripple content on the system, the losses will be calculated according to the  
relationship between losses and ripple frequency given in [45]. Since the relationship already 
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Figure 4.7.2 Cable π Model 
There are two different voltage levels of DC cables used in the system, ±25 kV and ±200 
kV. Their estimated RLC parameters are listed in Table 4.7.1 below, which are applied in 








 ±25kV [146] ±200kV [147, 148] 
Resistor Ω/km 0.06 0.03 
Inductance mH/km 0.3 0.8 
Capacitance μF/km 0.2 0.13 
Table 4.7.1 Cable RLC Parameters 
In summary, the application of HVDC can bring major benefits, improving the stability of 
the existing power system [134]. 
4.8 Receiving End MMC and Power System  
In this Multi-Terminal HVDC system, after the long HVDC transmission, an inverter is 
needed at the receiving end to transfer the DC back to AC and feed into the onshore central 
power system. In the research of high voltage high power converters, Modular-Multilevel-
Converter (MMC) has become a “hot topic” due to its notable advantages [149]. In this 
section, a brief introduction of the MMC and its operating principles are given, as well as 
the final onshore power system.  
4.8.1 Modular-Multilevel Converter 
Figure 4.8.1 shows a high-level diagram of an MMC converter. U in figure means upper 
arm, L in figure means lower arm and n represents a positive integer. Figure 4.8.2 shows the 












































































Figure 4.8.2 Half-Bridge Cell Circuit Diagram 
When T1 is on and T2 is off, Vm=Vc, the module is in the ‘on’ state; when T2 is on and T1 is 
off, Vm=0, the module is in the ‘off state’. Vc means the capacitor terminal voltage. 
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4.8.1.1 Working Principles of MMC 
There are n modules per leg, upper or lower, in each phase of an MMC converter. By setting 
nu to be the number of modules in the on state in the upper leg, and nl to be the number of 
modules in the on state in the lower leg, the following equation should be satisfied  [150]: 
𝑛𝑢 + 𝑛𝑙 = 𝑛                                                             (4.8.1) 
Based on equation (4.8.1) and Figure 4.8.1, taking phase A as an example, equation (4.8.2) 
and (4.8.3) can be derived: 







                                                   (4.8.3) 
From the equations above, the expected peak voltage level and waveforms of the three phase 
voltage Ea,b,c can be obtained by setting the appropriate value of n, nl and nu  [150]. 
4.8.1.2 AC Output Voltage Waveforms of MMC Inverter 
In this section, if setting Vdc =400 kV, which is the nominal output voltage of the ISIPOS 
converter and the voltage rating of the 100 km submarine cable connected before the MMC 
converter, the voltage waveforms of Ea when n=6, n=40 and n=400 are shown in Figure 
4.8.3, Figure 4.8.4 and Figure 4.8.5. From these three figures, it is clear that the higher the 
number of modules, the output waveforms are closer to the desired sinusoidal shape  [150]. 
 




Figure 4.8.4 Voltage Output of a 21 level MMC – Figure Taken From [150]  
 
Figure 4.8.5 Voltage Output of a 201 level MMC – Figure Taken From [150]  
4.8.1.3 Maintaining the Capacitor Voltage  
When a module is in the on state, there are two ways for the current to flow: 
a) Down through diode D1; the capacitor will be charged. 
b) Up through the IGBT T1, the capacitor will be discharged. 
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Hence, always choose to turn on the module with highest capacitor voltage when the current 
going up, and choose to turn on the module with lowest capacitor voltage when the current 
going down  [150]. 
4.8.1.4 Advantages of MMC in HVDC System  
The main advantages of MMC in HVDC system can be concluded as [93]: 
a) Low harmonic content 
b) Low switching frequency of each device 
c) Low switching losses 
d) Low rate of charge of voltage dV/dt 
e) Modular design with standard devices 
f) Flexibility 
g) Increased energy storage 
h) Low voltage/power rating for each module 
i) Improved the operating characteristic under the fault condition 
4.8.2 Onshore AC Power System Connection 
Based on Figure 4.8.1, the active power transfer to the grid from an MMC can be identified 
by the classic AC power transfer equation: 
𝑃𝑜𝑤𝑒𝑟 =
3𝑉𝑝ℎ𝑎𝑠𝑒 × 𝐸𝑝ℎ𝑎𝑠𝑒 × 𝑠𝑖𝑛𝛿
𝑋𝐿
                                      (4.8.4) 
where XL (Ω) is the complex impedance of the La,b,c in Figure 4.8.1 and δ (degrees) is the 
phase angle between Ephase and Vphase. 
In this case study, assuming the power transferred from the wind farm is about 500MW, 
Ephase = √2×10
5 V when the MMC output voltage is at its maximum level, Vphase = 158kV if 
taking Scottish Hydro Electric Transmission Limited East Coast 275kV Reinforcement as 
the reference grid. Setting the value of  La, b, c =13.96 mH in Figure 4.8.1 based on [151] and 
putting all the values into equation 4.8.4: 
𝛿 = 2.26° 




Figure 4.8.6 Phasor Diagram with Small δ 
When δ is very small, even a small magnitude difference between Ep and Vp can cause a 
poor power factor. It is a possible problem and must be taken into careful consideration 
when designing the system in the real world. To obtain a good power factor, increase or 
decrease the value of Ep by increasing or decreasing the input DC voltage of the MMC, as 
shown in Figure 4.8.7. 
 
Figure 4.8.7 Phasor Diagram with Unity Power Factor 
In the model of this offshore wind farm based multi-terminal DC system, the receiving end 
MMC and the final power system shown in Figure 4.8.1 are substituted by a 400 kV DC 
voltage source. This was done to avoid the whole system becoming too complicated and 
exceeding the simulation capabilities of the software. This substitution will have little 
influence on the AC ripple effects on the DC cables in the system, as the MMC in the system 





Chapter 5  
Simulation of the Offshore Wind Farm 
Based Multi-Terminal LV/MV/HVDC 
System 
The whole offshore wind farm based multi-terminal DC system has been introduced in detail 
in chapter 4. In this chapter, simulation results of the system are presented, which 
concentrate on the cable voltage ripple, current ripple, and AC losses.  
 
Figure 5.1 Sending End Circuit Diagram of a 15MW Wind Farm Based Multi-Terminal 
DC System 
Figure 5.1 shows a single branch multi-terminal system and Figure 5.2 shows a two branches 
multi-terminal system. These figures display two more detailed circuit diagrams of the 
generating side in Figure 5.3. The structure or the circuit diagram of the 15MW IPOS DC-
DC converter in Figure 5.1 and that of the 30MW IPOS DC-DC converter in Figure 5.2 has 
been presented in Figure 4.6.3, which means in both system structures the IPOS converters 
can have three different unidirectional constructions in the simulation model. All the 
parameter labels in the simulation results in this chapter are based on Figure 5.1, Figure 5.2 
and Figure 4.6.3, and the impact factors of the cable ripple content/AC losses will be studied 









Figure 5.3 Wind Farm Based Multi-Terminal HVDC System: 200~1000 MW in Real 























































c. Identical SAB IPOS Converter
 
Figure 5.4 Three Different Unidirectional IPOS Structures – (Taken From Figure 4.6.3) 
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5.1 Insight into the Cable Ripple with Simple 
Circuit 
In this section, a simplified circuit diagram of the system will be used to help to analyse the 
































Figure 5.1.1 Simplified Diagram of the Offshore Wind Farm Based Multi-Terminal DC 
Single Branch System 
Figure 5.1.1 shows a simplified diagram of the offshore wind farm based multi-terminal DC 
system, in which all the blocks connected before the 5 MW DC-DC converter are omitted. 
Figure 5.1.2 and Figure 5.1.3 show the conceptual ripple current at different stages within 
the system, with equivalent RLC circuits representing the cables. The conceptual voltage 
waveform ripples will not be presented here as in this study all the terminal voltages from 
Vdc1 to Vdc3 , Vin_IPOS and Vo have a ripple content well below 2% when compared with their 
DC values. In addition, all the terminal voltages are well controlled around the desired DC 




Figure 5.1.2 Simplified System Diagram with π Model and Conceptual Current Ripple 
Content. I3 Flows Through a 0.6 km Long Cable 
 
Figure 5.1.3 Simplified System Diagram with π Model and Conceptual Current Ripple 
Content. I3 Flows Through a 6 km Long Cable. 
In Figure 5.1.2 and Figure 5.1.3, R, L and C marked next to their corresponding passive 
components represents the value of the components. Longer submarine cables are considered 
as large passive filters with higher R, L and C values. The only difference between the 
system in Figure 5.1.2 and Figure 5.1.3 is the cable length in which I3 flows through. The 
length of that cable depends on the wind farm structures applied in the study; 0.6 km is for 
the array wind farm structure while 6 km accounts for a circular wind farm structure. Based 
on Figure 5.1.1, Figure 5.1.2 and Figure 5.1.3, a number of important findings about the 
operating of the system can be concluded. 
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During the operation of the system, although the output current ripple of the 5MW SAB DC-
DC converter can be very high, all the cable current ripple content can be reduced 
significantly due to the filter property of the submarine cables. 
In Figure 5.1.2, ripple content of the cable current Idc1 is always smaller than that of I2, and 
I2 is smaller than I3. This is because the value of the equivalent filter for Idc1 is about three 












Figure 5.1.4 Approximate passive filter values for cable current in Figure 5.1.2 
In Figure 5.1.3, in contrast, the ripple content of all the cable currents are more or less the 
same, due to the long 6 km cable in which I3 flows through. The equivalent filter diagram 
can be seen in Figure 5.1.5. All the cable currents have relatively large filters which limits 
the current ripple within a certain range. Therefore, large cable current ripple such as in I3 











Figure 5.1.5 Approximate passive filter values for cable current in Figure 5.1.3 
The current ripple of Io is always the smallest since the equivalent filter value of the 100 km 
transmission cable is always the highest. 
The output capacitors of the 5 MW SAB converters can also form part of the equivalent 
filters to reduce the ripple content. The ripple content/AC losses on cables will be studied 
and compared under different output capacitor values in this research. 
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There are three different kinds of structures for the IPOS converters: SAB+Three Phase, 
Identical Three Phase, and Identical SAB. These three structures will result in different cable 
ripple content and AC losses, which will be compared in this thesis. 
The phases of the current Idc1_bc, Idc2_bc and Idc3_bc can also have significant influences on the 
cable current ripple content. For example, I2 is the superposition of Idc1 and Idc2, if the ripple 
content of Idc1 and Idc2 is in phase, the ripple can be doubled; if they are out of phase then the 
ripple can be eliminated. The detailed mathematical or small signal equivalent model of the 
system is necessary if the relationship between the switching phases of the 5 MW DC-DC 
converters and the equivalent cable filters as well as the structures and switching phases of 
the IPOS converters are needed. This will not be discussed in this research, and instead, the 
detailed circuit model of the system will be built and two extremes for the switching phase 
cases of these 5 MW DC-DC converters will be presented to give a general understanding 
of the system and approximate evaluation of the cable ripple/AC losses during the normal 
operation of the system. 
The cable ripple content/AC losses under different wind speeds and wind farm structures 
will also be investigated in order to identify any influences on them. 
5.2 Asynchronous Characteristic Among Multi-
Connected 5MW SAB Converters 
For the offshore wind farm based multi-terminal DC system, the distance between two 
adjacent multi-connected 5 MW SAB converters is typically around 1 km due to the 5D 
principle. Under this circumstance, it is very difficult to synchronise all the 5 MW SAB 
converters accurately, and the small differences in frequency can cause large phase 
differences between different 5 MW converters after a long enough operating time.  
In this chapter, instead of setting the simulation time on the Simulink-PLECS combined 
model to be a few months, which is not realistic, the following two different phase angle 
conditions with exact synchronised 5 MW converters is studied. In other words, an extreme 
condition method is applied in this study and the real performance of the system can be 
obtained from it. 
a) All the switches of these three/six multi-connected 5 MW converters are controlled 
by the same signal. 
b) There are 120/60 degree phase shifts between the switches control signals of these 




5.3 Phase Condition of Identical SAB IPOS 
Converters 
In Figure 5.4, there are three different IPOS converter structures, which will be studied in 
detail, while operating the whole system. For the unbalanced SAB + Three Phase IPOS 
structure and Identical Three Phase IPOS structure, internal phase shift is not needed based 
on the characteristic of the Three Phase converter. In this section, two internal phase shift 
conditions listed below are applied to the Identical SAB IPOS converter, and the better one 
is selected for further study after the system simulation comparison. 
a) The switches of these three IPOS connected SAB converters in Figure 5.4-c are 
controlled by in-phase signals. 
b) There is a 120 degree phase shift between the switch control signals of these three 
IPOS connected SAB converters in Figure 5.4-c. 
5.3.1 Simulation System 
In order to study the two different phase conditions of the Identical SAB IPOS converter, a 
Simulink-PLECS model based on Figure 5.1 and Figure 5.3 are simulated, and the topology 
of the 15 MW IPOS DC-DC converter in Figure 5.1 is the Identical SAB IPOS converter. 
5.3.2 Simulation results  
The following cases are shown in Figure 5.3.1, Figure 5.3.2 and Figure 5.3.3: 
a) 15 MW Identical SAB IPOS converter with 120 degree internal phase shift, 5 MW 
SAB converters have no phase shift between each other. 
b) 15 MW Identical SAB IPOS converter with 120 degree internal phase shift, 5 MW 
SAB converters have 120 degree phase shift between each other. 
c) 15 MW Identical SAB IPOS converter with no internal phase shift, 5 MW SAB 
converters have no phase shift between each other. 
d) 15 MW Identical SAB IPOS converter with no internal phase shift, 5 MW SAB 
converters have 120 degree phase shift between each other. 
Figure 5.3.1 shows the voltages at the terminals of the 0.6 km cables, Figure 5.3.2 shows the 
output currents of the 5 MW SAB converters after their output capacitors, and Figure 5.3.3 





Figure 5.3.1 Voltages at the Terminals of All 0.6 km Cables When Identical SAB IPOS 
Converter is Applied In the Multi-Terminal System 
a. Three IPOS Connected SAB Converters Have No Phase Shift Between Each Other 




Figure 5.3.2 Output Currents of 5 MW SAB Converters When Identical SAB IPOS 
Converter Is Applied In the Multi-Terminal System 
a. Three IPOS Connected SAB Converters Have No Phase Shift Between Each Other 




Figure 5.3.3 Currents of the Multi-Connected Cables When Identical SAB IPOS Converter 
Is Applied In the Multi-Terminal System 
a. Three IPOS Connected SAB Converters Have No Phase Shift Between Each Other 
b. Three IPOS Connected SAB Converters Have 120 Degree Phase Shift Between Each Other 
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From Figure 5.3.1, Figure 5.3.2 and Figure 5.3.3, if the in-phase signals for the switches of 
the three IPOS connected SAB converters are used, both the cable terminal voltages and 
converter output currents/cable currents will have a large ripple content. For the Identical 
SAB IPOS Structure, 120 degree phase shift signals are necessary for the switches of three 
IPOS connected SAB converters. The studies in this chapter will focus solely on the 120 
degree phase shift case. 
5.4 Single Branch System Study - Figure 5.1 15 
MW System 
In this chapter, two main circuit topologies, the single branch system in Figure 5.1 and the 
dual branch system in Figure 5.2, are studied. Although the dual branch system may have a 
better reflection of the performance of the system in the real world, the single branch system 
can provide a good understanding of the system and the performance of different IPOS 
structures at the first stage. In this chapter, the single branch system is only studied under 
the constant wind speed state, while the dual branch system is studied under different wind 
characteristics, such as constant wind speed, gust wind, and ramp wind. 
5.4.1 Comparison of the Effects on the Cable Ripple Content Caused 
by the Three Different IPOS Converters When Operating in the 
Single Branch System 
In this section, 0.6 km cable currents and terminal voltages are monitored when each of the 
three different IPOS converter structures is applied in the system. All the simulations in 
section 5.4 are based on a constant wind speed Swb =10.3 m/s. 
5.4.1.1 Simulation Results from Figures 
Figure 5.4.1-Figure 5.4.6 show the multi-connected cable currents and terminal voltages in 
the single branch system when the three different IPOS structures are applied.  
The waveforms in Figure 5.4.1, Figure 5.4.2 and Figure 5.4.3 are the terminal voltage 
waveforms Vdc1-Vdc3 and Vin_IPOS. The SAB+Three Phase IPOS converter structure, Identical 
Three Phase converter structure and Identical SAB converter structure in Figure 5.4 are 
applied in the system separately.  
The waveforms in Figure 5.4.4, Figure 5.4.5 and Figure 5.4.6 are all cable current waveforms 
Idc1, I2 and I3. The SAB+Three Phase IPOS converter structure, Identical Three Phase 
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converter structure and Identical SAB converter structure in Figure 5.4 are applied in the 
system separately. 
All the parameters of the components used for the system have already been discussed 
clearly in Chapter 3 so will not be mentioned again here. From the simulation results, it can 
be seen that the performance of the SAB+Three Phase IPOS converter and Identical Three 
Phase IPOS converter are very similar, but both the cable voltages and current ripple content 
are significantly higher when the Identical SAB IPOS converter is applied in the system. 
This result displays the advantages of the Three Phase converter as expected.  
 
Figure 5.4.1 Terminal Voltages of All 0.6 km Cables When SAB+Three Phase IPOS 




Figure 5.4.2 Terminal Voltages of All 0.6 km Cables When Identical Three Phase IPOS 
Converter Structure is Applied in the Single Branch System 
 
Figure 5.4.3 Terminal Voltages of All 0.6 km Cables When Identical SAB IPOS Converter 




Figure 5.4.4 Currents on All 0.6 km Cables When SAB+Three Phase IPOS Converter 
Structure is Applied in the Single Branch System 
 
Figure 5.4.5 Currents on All 0.6 km Cables When Identical Three Phase IPOS Converter 




Figure 5.4.6 Currents on All 0.6km Cables When Identical SAB IPOS Converter Structure 
is Applied in the Single Branch System 
5.4.1.2 Simulation Results by FFT Analysis 
In order to identify the submarine cable ripple content or cable AC losses in a more intuitive 
way, a Fast Fourier Transform (FFT) algorithm will be applied to analyse the waveform. 
This method can help to divide complex ripples into sinewaves with different frequencies, 
and the effect of each individual sinewave will be analysed separately. This simplifies the 
study of the AC losses on the cables and Total Harmonic Distortion (THD) of both voltage 
and current waveforms on the cables. The FFT method is a key technique that allows cable 
ripple content to be studied under different situations.  
5.4.1.2.1 Relationship Between the Harmonic Frequency and Losses 
The cable AC losses caused by the current harmonics are different for different frequencies. 
Based on the study in [45], it can be seen that the harmonic components with higher 
frequencies can cause higher losses on the cables. Combining the research results in [45], a 
new concept, Relative Losses (AC), can be proposed to help to simplified the calculation in 
the research in a large extent. 
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Relative Losses on the cables is an innovative concept which is put forward and used widely 
in this research. The inspiration of it is stimulated by the per unit method used widely in the 
electrical power engineering subjects. In the study, the unified base value is set for all 
terminal voltages and cable currents, which can be seen in Table 5.4.1 below, when looking 
at Figure 5.1. In the Table, the base value of all the terminal voltages are their nominal 
voltage value, while the base value of all the cable currents are set as the value when the 
wind speed is 10.3 m/s, which is the ten years average wind speed of Hywind Scotland Pilot 
Park Project in north east of Scotland. 
Parameter Vdc1,2,3, Vin_IPOS Idc1, Idc2,3 Vo Io Wind Speed 
Base Value 50 kV DC 63A DC 400 kV DC 47A DC 10.3 m/s 
Table 5.4.1 Base Value of Terminal Voltages and Cable Currents in System 
After the selection of the base value, the FFT analysis will be put into the simulation results 
and the percentage ratio between the peak value of the harmonics at different frequencies 
and the DC base value can be obtained. The definition of the relative losses and their 
calculation method can be found in Appendix XVII, and the calculation results will be given 
directly in the main content. 
5.4.1.2.2 Comparison of the THD of Cable Terminal Voltages and Cable Relative AC 
Losses when the Three Different IPOS Structures are Applied in the System 
After the simulation and FFT analysis of the single branch system in Figure 5.1, the results 
for the system with SAB+Three Phase IPOS, Identical Three Phase IPOS, and Identical SAB 
IPOS converter structures can be seen in Table 5.4.2, Table 5.4.3 and Table 5.4.4 
respectively. Each table gives the harmonic percentage of base value with the simulation 
condition shown in the bold outlined rectangle. The first line shows the converter type and 
the second line shows the base values applied to calculate the ratio between the peak value 
of harmonics at different frequencies. “Non” denotes the situation when the three 5 MW 
SAB converters have no phase shift between each other, while “120” indicates the case when 





Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.3 m/s  Power =3.2 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 Degree Phase Shift 
Frequency 
         Harmonic 
V/I      Percentage  
of Base Value  
    (%) 
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 4.14 0.44 0.22 1.06 0.17 0.16 0.1 
0.11 
Vdc2 2.96 1.14 0.76 0.97 0.15 0.14 0.1 
0.14 
Vdc3 1.26 1.49 0.54 1.31 0.21 0.22 0.1 
0.13 
Vin_IPOS 0.05 0.03 0.04 0.03 0.03 0.01 0.03 
0.02 
Idc1 100.9 114.6 32.5 82.9 0.25 1.6 0.48 
4.7 
I2 147.7 62.4 9.1 78.5 3.9 4.09 1.1 
5.35 
I3 109.6 127.7 24.6 54.9 6.04 6.29 1.36 
2.06 
Table 5.4.2 Percentage of Harmonic Wave Relative to the Base Value at the Dominant 













Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.3 m/s  Power =3.2 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 Degree Phase Shift 
Frequency 
         Harmonic 
V/I        Percentage 
of Base Value 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 4.13 0.32 0.19 1.22 0.17 0.17 0.1 
0.1 
Vdc2 2.96 1.18 0.68 1.08 0.14 0.12 0.09 
0.13 
Vdc3 1.27 1.45 0.57 0.82 0.21 0.22 0.11 
0.13 
Vin_IPOS 0.02 0.02 0.01 0.01 0.01 0.01 0.01 
0.01 
Idc1 100.8 108.5 27.3 98.9 0.89 1.45 0.45 
4.43 
I2 148.1 64.2 6.9 51.4 3.12 3.9 1.03 
5.4 
I3 112.8 128.1 24.9 34.8 5.8 6.29 1.9 
2.68 
Table 5.4.3 Percentage of Harmonic Wave Relative to the Base Value at the Dominant 












Converter Type: Balanced (120 Degree Interlace Identical SAB) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.3 m/s  Power =3.2 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 Degree Phase Shift 
Frequency 
         Harmonic 
V/I        Percentage 
of Base Value 
       (%)  
4kHz 8kHz 12kHz 16kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.41 5.24 0.3 1.5 0.12 0.11 0.09 
0.11 
Vdc2 1.63 2.22 1.19 1.42 0.34 0.26 0.09 
0.13 
Vdc3 2.62 2.99 0.78 0.38 0.45 0.57 0.11 
0.13 
Vin_IPOS 4.1 5.14 0.63 0.51 2.01 1.99 0.02 
0.05 
Idc1 136.4 289.6 62.6 126.9 7.43 5.42 0.22 
5.2 
I2 197.4 443.6 26.7 53 22.8 22.7 0.63 
5.04 
I3 145.8 201.5 60.2 31.3 71.6 72.8 2.31 
3.78 
Table 5.4.4 Percentage of Harmonic Wave Relative to the Base Value at the Dominant 
Frequency with Balanced 120 Degree Interlaced Identical SAB IPOS Converter 
Table 5.4.2, Table 5.4.3 and Table 5.4.4 give the percentage value of dominant harmonic 
components on the same basis. All the numerical values also show the Identical SAB IPOS 
structure has higher THD on both voltage and current waveforms compared with the other 
two structures. The Total Relative AC Losses on the multi-connected cables in these three 
different cases can be seen in Table 5.4.5. 
Evidenced from Table 5.4.5, the cable AC losses of the multi-connected system are the 
lowest when applying the Identical Three Phase IPOS converter structure, at the cost of 
eliminating the controllability. The unbalanced IPOS converter causes slightly higher losses 
and can be the best choice for a system which needs part controllability. The Identical SAB 
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50 k 49 k 225 k 
Table 5.4.5 Total Relative AC Losses on the Multi-Connected Cables 
5.4.2 Possible Ways to Reduce the Cable Ripple Content/Losses  
Based on the simulation results and analysis in section 5.4.1, it can be seen that even if 
applying the Identical Three Phase IPOS converter in the system, high ripple content can 
still be observed clearly in the current waveforms and the total relative AC losses on the 
cables are not insignificant. The equation for the calculation of the real losses can be seen in 
equation (5.4.1): 
𝑃𝑅𝐿 = 𝑃4𝐵𝑎𝑠𝑒 × (𝐼𝑏𝑎𝑠𝑒 × 1%)
2 × 𝐿𝑐𝑎𝑏𝑙𝑒 × 2 × 𝑇𝑅𝐿                          (5.4.1) 
where PRL is the real AC losses caused by harmonics on cables, P4Base is the real losses caused 
by 4 kHz harmonic with 1 A amplitude on 1 km specific cable applied in the system, Ibase is 
the base value selected when calculating the relative AC losses, Lcable is the length the 
submarine cable, 2 is an integer which indicates the onward and returned submarine cables, 
TRL is the Total Relative AC Losses defined in this thesis and caused by harmonics at 
different frequencies. According to Table 5.4.5, the real losses caused by harmonics on the 
multi-section cables in the system with Identical Three Phase IPOS converter is: 
𝑃𝑅𝐿 = 580 × 0.63
2 × 0.6 × 2 × 49 × 103 = 13 𝑘𝑊 
There are two possible ways to reduce the ripple content/THD/AC losses are described. 
5.4.2.1 Parallel SAB Converter Structure 
In section 3.4.3, it is shown that the parallel converter structure can reduce the output current 
ripple to a quarter of the ripple found in the single structure. The parallel converter has been 
studied in detail in [75] and discussed in section 3.4.3. Overall, use of this structure can help 
to reduce the cable current ripple content/AC Losses.   
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 5.4.2.2 Varying the Output Capacitor Value of 5 MW SAB Converters and the 
Input Capacitor Value of IPOS Converter 
At present, all the simulation results in section 5.4.1 are obtained when the output capacitor 
value of the 5 MW SAB converters and the input capacitor value of the IPOS converters are 
all set to be 2.6 μF, which is the output capacitor value calculated in section 3.4.3 in chapter 
3. In this section, Total Relative AC Losses caused by the multi-connected cable currents 
and THD of cable terminal voltages with different capacitor values are compared, and the 
results are analysed. 
In the simulation, four different capacitor values, 0.4 µF, 4 µF, 40 µF and 400 µF were 
applied for both the output capacitors of the 5 MW SAB converters and the input capacitors 
of the 15 MW IPOS converter. Although a 400 µF capacitor is not realistic in this high 
voltage high power system, it is still included in the simulation to identify the performance 
characteristics of the system. The different capacitances are chosen to span 4 orders of 
magnitude in order to give sufficient variation in capacitance. 
The varying tendency of the THD value of terminal voltages on the single branch system is 
shown in Figure 5.4.7, Figure 5.4.8 and Figure 5.4.9. In each of the three figures, the THD 
of Vdc1-Vdc3 and Vin_IPOS at different capacitor values are shown in four separate subfigures. 
In each of the subfigures, 5 MW SAB Converter Output Capacitor value indicates the value 
of C1, C2 and C3 in Figure 5.1.1, and the 15 MW IPOS Converter Input Capacitor value is 
the value of the input capacitors of the different IPOS converters shown in Figure 5.4. The 
simulation results in Figure 5.4.7 is obtained from the single branch system with SAB+Three 
Phase IPOS converter structure; the simulation results in Figure 5.4.8 is obtained from the 
single branch system with Identical Three Phase IPOS converter structure; and the 
simulation results in Figure 5.4.9 is obtained from the single branch system with Identical 






Figure 5.4.7 Total Harmonic Distortions of Terminal Voltages in Figure 5.1 in Different 
Filter Capacitor Values with SAB+Three Phase IPOS Converter Based on Table XVIII-1 

































































Figure 5.4.8 Total Harmonic Distortions of Terminal Voltages in Figure 5.1 in Different 
Filter Capacitor Values with Identical Three Phase IPOS Converter Based on Table XVIII-


































































Figure 5.4.9 Total Harmonic Distortions of Terminal Voltages in Figure 5.1 in Different 
Filter Capacitor Values with Identical SAB IPOS Converter Based on Table XVIII-11 to 


































































From Figure 5.4.7 - Figure 5.4.9, the characteristics of the multi-connected system with 
different filter capacitor values can be concluded as below: 
a) The THDs of Vdc1, Vdc2 and Vdc3 are thoroughly dominated by the output capacitors 
of the 5 MW SAB converters, in systems with any of the three kinds of IPOS 
converters. The input capacitor value of the IPOS converters does not significantly 
affect the THD of Vdc1, Vdc2 and Vdc3. 
b) The THD of Vin_IPOS decreases with the increase of both output capacitor values of 
the 5MW SAB converters and the input capacitor values of the IPOS converters, in 
systems with any of the three kinds of IPOS converters, but the effect of the input 
capacitor is much more than the effect of the output capacitor. 
c) The overall voltage THD is lowest in the system with Identical Three Phase IPOS 
converters.  
In addition to voltage THD, the simulation also provides current harmonics and cable AC 
losses. Figure 5.4.10 shows the Total Relative AC Losses on the multi-section cables of 
systems with three different kinds of IPOS converter structures. Each value of total relative 
AC loss in each subfigure is a sum of the relative AC losses caused by Idc1, I2 and I3 in Figure 
5.1 on the submarine cables they are flowing through. Similar to the terminal voltage THD, 
the overall relative cables losses mainly depend on the output capacitor values of the 5 MW 
SAB converters. Moreover, the system with the Identical Three Phase IPOS converter 









Figure 5.4.10 Total Relative AC Losses on Multi-Section Cables with Three Different 
IPOS Converter Structures Based on Table XVIII-5, Table XVIII-10, and Table XVIII-15 
in Appendix XVIII 
a. Total Relative AC Losses on Multi-Section Cables with SAB+Three Phase IPOS Converter 
c. Total Relative AC Losses on Multi-Section Cables with Identical SAB IPOS Converter 
b. Total Relative AC Losses on Multi-Section Cables with Identical Three Phase IPOS Converter 
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Combining all the information provided in section 5.4.2.2, the value of the 5 MW SAB 
converter output capacitor can be temporarily set to 40 μF or 4 µF, while the input capacitors 
of all three types of IPOS converters are set to 0.4 µF, which is a compromise between the 
value of the ripple content and size of the capacitor. Both the THD of the terminal voltages 
and the Total Relative AC Losses on the cables at these particular capacitor values are shown 
in Figure 5.4.11 and Table 5.4.6 to provide more detailed results and make another 
comparison. In Figure 5.4.11, OC means the output capacitor of the 5 MW SAB converter; 
IC means the input capacitor of the IPOS converter. 
 








Total Relative AC Losses on Multi-Section Cables with particular Value of OC and 
IC 















67 k 46 k 336 k 1.5 k 0.9 k 57 k 
Table 5.4.6 Total Relative AC Losses on Multi-Section Cables with Particular Values of 
OC and IC 
The results in Figure 5.4.11 shows that for systems with the SAB+Three Phase IPOS 
converter structure and the Identical Three Phase IPOS structure, 4 µF OC and 0.4 µF IC 
can limit the THD of all terminal voltages to within 2%, which satisfies the requirements of 
the maximum voltage THD limit on the cables [45]. For the system with the Identical SAB 
IPOS converter structure, the value of the filter capacitors needs to be increased further to 
limit the voltage THD.  
In order to identify the final value of the filter capacitors, approximate total actual AC losses 
on multi-section cables need to be calculated based on Appendix XVII and equation (5.4.1). 
If looking at the OC=4 µF IC=0.4 µF part in Table 5.4.6, cable losses caused by the current 
harmonics even with the Identical Three Phase IPOS converter structure is calculated to 
reach to 14 kW, which is about 0.2% of the total power generated from the turbine at this 
steady state. Although 0.2% is not a big value, the higher current ripple can held filter 
capacitors to account higher charging and discharging current as well as the voltage variation. 
Under this circumstance, compromising between the value and size of the capacitors and the 
AC losses/current and voltage ripple content, the output capacitor value of the 5 MW SAB 
converter is suggested to be several tens of µF or having equivalent filter, with any of the 
three different types of IPOS converter structures. Table 5.4.7 summarises the final OC and 
IC values selected for systems with these three different IPOS converter structures. A system 
with the Identical SAB IPOS converter needs have a much bigger filter at the input of the 
IPOS converter to limit both terminal voltage ripple content and cable AC losses to a 
reasonable range. The system with the Identical Three Phase IPOS converter always has the 
best performance under the same filter condition. 
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OC 40 µF 40 µF 40 µF 
IC 0.4 µF 0.4 µF 4 µF 
Table 5.4.7 Filter Selected for Systems with Different Kinds of IPOS Converter Structure 
The study of the single branch system aims to give a general understanding of the operation 
of the system, as well as selecting appropriate capacitor filters based on the voltage and 
current ripple content on the cables under different IPOS converter structures. Subsequently, 
the double branch system is studied and the performance of the system under more diverse 
wind conditions are monitored to identify any influence on the cable ripple content by the 
variation of wind speed and interaction between two branches. 
The double branch circuit in section 5.5 will be studied under more complex wind conditions, 
OC and IC values given in Table 5.4.7 are applied in the system. 50 kV, 40 μF DC capacitors 
are achievable in high power offshore systems, with both acceptable size and price, if taking 
the HZDJ20kv-50µF DC filter capacitor manufactured by Wuhanhezhongxingye Electric 
Co. as the reference. 
5.5 Double Branch System Study - Figure 5.2 30 
MW System 
In this section, a 30 MW double branch system in Figure 5.2 under more complex wind 
conditions is studied, and the simulation results are analysed. For all steady state simulation 
results with steady free stream wind conditions, only one type of the IPOS structure is 
studied as the varying tendency of the ripple content with all these three different IPOS 
converters should be very similar under steady free stream. 
5.5.1 Different Wind Conditions 
Eight different wind conditions are studied in this section.  
Different wind conditions are presented in sections 5.5.1.1-5.5.1.3, with the same steady free 
stream reaching the wind farm from three different directions. The power received by each 
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wind turbine can change depending on the wind direction. The voltage and current ripple 
content, AC losses in the cables, and overall performance of the system with the array wind 
structure are analysed. 
Section 5.5.1.4 assumes the same steady free stream as in sections 5.5.1.1 to 5.5.1.3 but with 
a circular wind farm structure. After the simulation and FFT analysis, the circular wind farm 
structure is compared with the array wind farm structure system is terms of AC losses, cable 
ripple content, power transfer ability and cost on the installation. Subsequently, the circular 
structure is further investigated in sections 5.5.1.5 to 5.5.1.7, looking at cable harmonics in 
gust and ramp wind conditions and their effect on ripple content. 
The wind speed condition in section 5.5.1.8 is set to exceed the cut-out speed of the turbine 
for 1 second. This case is studied to assess the recoverability of the system, and any apparent 
high ripple or AC losses at the cut-out speed. 
5.5.1.1 Wind Direction in Line with the Turbine Array - Steady Free Stream  
 
Figure 5.5.1 demonstrates the situation when the wind direction is in line with the turbine 
array. The free stream will directly reach WT1 and WT4, while the power received by the 
other turbines is affected due to the wake effect and deep array effect. Taking [62, 152] as 
the reference, in this steady free stream case, average fundamental wind speed for each 




WT: Wind Turbine 
WT2 WT3 
WT4 WT5 WT6 
Wind Direction 
Figure 5.5.1 Wind Direction in Line with the Turbine Array 
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WT1 WT2 WT3 WT4 WT5 WT6 
10.3 m/s 6 m/s 6.5 m/s 10.4 m/s 6.2 m/s 6.6 m/s 
Table 5.5.1 Average Wind Speed Received by Each Turbine with Steady Free Stream 
When the Wind Direction is in Line with the Turbine Array 
In the simulation model, Swt = Swb+Swn. Where Swt is the natural wind speed model forced 













5.5.1.2 Wind Direction Perpendicular to the Turbine Array - Steady Free 
Stream  
 
Figure 5.5.2 shows the situation when the wind direction is perpendicular to the turbine array. 
Free stream will directly reach WT1, WT2 and WT3, while the power received by the other 
turbines is affected due to the wake effect and deep array effect. Taking [62, 152] as the 
reference, in this steady free stream case, average fundamental wind speed for each turbine 
is estimated to be: 
WT1 WT2 WT3 WT4 WT5 WT6 
10.2 m/s 10.4 m/s 10.3 m/s 6 m/s 6.1 m/s 6.3 m/s 
Table 5.5.2 Average Wind Speed Received by Each Turbine with Steady Free Stream 
When the Wind Direction is Perpendicular to the Turbine Array 




WT: Wind Turbine 
WT2 WT3 
WT4 WT5 WT6 
Wind Direction 
Figure 5.5.2 Wind Direction Perpendicular to the Turbine Array 
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5.5.1.3 Wind Direction Has an Acute Angle with Turbine Array - Steady Free 
Stream  
 
Figure 5.5.3 displays the situation when the wind direction has an acute angle (45º) with the 
turbine array. According to the continuity of mass law, the free stream wind can be speeded 
up when flowing from an open area to a narrow one, and this is called jetting and wake 
recovery effects in the operation of a wind farm. Taking [62, 152] as the reference, in this 
steady free stream case, average fundamental wind speed for each turbine is estimated to be: 
WT1 WT2 WT3 WT4 WT5 WT6 
10.3 m/s 10.4 m/s 10.2 m/s 7.3 m/s 11.2 m/s 7.4 m/s 
Table 5.5.3 Average Wind Speed Received by Each Turbine with Steady Free Stream 
When the Wind Direction has an Acute Angle (45º) with the Turbine Array 
In the simulation model, Swt = Swb+Swn. 
  
WT1
WT: Wind Turbine 
WT2 WT3 
WT4 WT5 WT6 
Wind Direction 
Figure 5.5.3 Wind Direction Has an Acute Angle (45º) with the Turbine Array 
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5.5.1.4 Circular Wind Farm Structure - Steady Free Stream  
 
Compared with the array structure, one significant advantage of the circular wind farm is 
that under wind stream from any direction, the wind speed, or power, received by turbines 
constructed on the same ring is the same. In this steady free stream case, average 
fundamental wind speed for each turbine is estimated to be: 
WT1 WT2 WT3 WT4 WT5 WT6 
10.3 m/s 10.4 m/s 10.2 m/s 10.2 m/s 10.4 m/s 10.3 m/s 
Table 5.5.4 Average Wind Speed Received by Each Turbine in a Circular Wind Farm 
Structure with Steady Free Stream  
One point that needs to be mentioned here is the length of the cable in Figure 5.2 which I5 
is flowing through needs to be set to 6 km with the circular wind farm structure, and 0.6 km 
with the array wind farm structure. 
In the simulation model, Swt = Swb+Swn. 
 
WT1





Figure 5.5.4 Circular Wind Farm Structure 
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5.5.1.5 Circular Wind Farm Structure – Natural Wind Without Cut off Case 1 
According to Appendix XIX situation a. and section 4.1.2, the wind condition received by 
each turbine is set as: 
WT1 Swb = 10.3 m/s ; Gmax=5 m/s, δt=3 s; t1=8 s; Rmax=9 m/s; t1r=7 s; t2r=9 s; t3r=11 s 
WT2 Swb = 10.4 m/s ; Gmax=5 m/s, δt=3 s; t1=8 s; Rmax=9 m/s; t1r=7 s; t2r=9 s; t3r=11 s 
WT3 Swb = 10.2 m/s Steady Free Stream 
WT4 Swb = 10.2 m/s Steady Free Stream 
WT5 Swb = 10.4 m/s Steady Free Stream 
WT6 Swb = 10.3 m/s Steady Free Stream 
5.5.1.6 Circular Wind Farm Structure – Natural Wind Without Cut off Case 2 
According to Appendix XIX situation b. and section 4.1.2, the wind condition received by 
each turbine is set as: 
WT1 Swb = 10.3 m/s; Gmax=5 m/s, δt=3 s; t1=9 s; Rmax=8 m/s; t1r=8 s; t2r=10 s; t3r=12 s 
WT2 Swb = 10.4 m/s; Steady Free Stream 
WT3 Swb = 10.2 m/s; Steady Free Stream 
WT4 Swb = 10.2 m/s; Gmax=5 m/s, δt=3 s; t1=8 s; Rmax=9 m/s; t1r=7 s; t2r=9 s; t3r=11 s 
WT5 Swb = 10.4 m/s; Gmax=5 m/s, δt=3 s; t1=8 s; Rmax=9 m/s; t1r=7 s; t2r=9 s; t3r=11 s 





5.5.1.7 Circular Wind Farm Structure – Natural Wind Without Cut off Case 3 
According to Appendix XIX situation c. and section 4.1.2, the wind condition received by 
each turbine is set as: 
WT1 Swb = 10.3 m/s; Steady Free Stream 
WT2 Swb = 10.4 m/s; Gmax=5 m/s, δt=3 s; t1=8 s; Rmax=9 m/s; t1r=7 s; t2r=9 s; t3r=11 s 
WT3 Swb = 10.2 m/s; Gmax=5 m/s, δt=3 s; t1=10 s; Rmax=9 m/s; t1r=9 s; t2r=11 s; t3r=13 s 
WT4 Swb = 10.2 m/s; Gmax=5 m/s, δt=3 s; t1=8.5 s; Rmax=8 m/s; t1r=7.5 s; t2r=9.5 s; 
t3r=11.5 s 
WT5 Swb = 10.4 m/s; Gmax=5 m/s, δt=3 s; t1=9 s; Rmax=8 m/s; t1r=8 s; t2r=10 s; t3r=12 s 
WT6 Swb = 10.3 m/s; Steady Free Stream 
5.5.1.8 Circular Wind Farm Structure – Natural Wind With Cut off  
According to Appendix XIX situation d. and section 4.1.2, the wind condition received by 
each turbine is set as: 
WT1 Swb = 10.3 m/s; Gmax=6 m/s, δt=3 s; t1=8 s; Rmax=10 m/s; t1r=7 s; t2r=9 s; t3r=11 s 
WT2 Swb = 10.4 m/s; Steady Free Stream 
WT3 Swb = 10.2 m/s; Steady Free Stream 
WT4 Swb = 10.2 m/s; Steady Free Stream 
WT5 Swb = 10.4 m/s; Steady Free Stream 





5.5.2 Steady State Simulation Results of the System with Identical 
Three Phase IPOS Converter Structure Under Wind Condition in 
Section 5.5.1.1 
All the parameter labels in figures of this section can be seen in Figure 5.2. 
5.5.2.1 Simulation Results from the Waveform Plots 
In this section, waveforms of the terminal or output voltages and cable currents are plotted 
in Figure 5.5.5, Figure 5.5.6, Figure 5.5.7 and Figure 5.5.8. Also, the THD and losses 
analysis is given based on Appendix XVI-1.  
 
Figure 5.5.5 Voltages at the Terminals of Multi-Connected Cables 
From Figure 5.5.5, it can be seen that all the terminal voltages are around 50 kV with small 
ripple content at the steady state, under both 5 MW SAB extreme phase shift conditions, 





Figure 5.5.6 Output Currents of 5MW SAB Converters 
 




Figure 5.5.6 and Figure 5.5.7 show the output currents of all 5 MW converters and the cable 
currents caused by the superposition of them. A few phenomena based on these two figures 
can be summarised: 
a) From Figure 5.5.6, the peak-to-peak value of Idc1 and Idc4, which are from the 
turbines receiving higher wind speed/power, are more or less the same as the peak-
to-peak value of Idc2, Idc3, Idc5 and Idc6. This means the current ripple content does not 
reduce when the power is decreasing. Thus a system with lower power output may 
have lower efficiency as well. This is different from the expectation before the study, 
as higher ripple content is assumed with higher power transferred.  
b) The output current from each wind turbine not always has different phases under 
different power/wind speed situations. This means after the superposition, the ripple 
content of the currents flowing through cables can be either reduced or increased. 
c) It is monitored in Figure 5.5.6 that the output current Idc3 and Idc6 from converters 3 
and 6, which are the nearest to the IPOS converter, has a high frequency ripple 
content superimposed on the basic waveform. This high frequency is not generated 
by the converter itself but is fed back from the IPOS converter. As mentioned in 
section 4.2, a resonant waveform can occur in the high power Three Phase converter 
due to the small capacitor and transformer leakage inductance. Fortunately, from 
FFT analysis, these ripple contents are all in the low frequency range and will not 
result in high losses on the cables. 
Figure 5.5.8 displays the waveform of Vo and Io of the system. It is clear that on the 400 
kV high voltage side before the long distance transmission of the power to the shore, the 
voltage ripple can nearly be disregarded while the current ripple is also small enough, 





Figure 5.5.8 Waveform of Vo and Io 
5.5.2.2 Simulation Results by FFT Analysis 
In order to evaluate the system and make comparisons in a more intuitively way, a FFT 
analysis on the simulation results is needed. In this section, a detailed FFT analysis is 
included in the appendix, while the THD of terminal voltages and total relative losses on 
cables is presented in the main text. 
Table 5.5.5 below can be concluded from Appendix XVI-1. 
 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.16 0.04 0.08 0.16 0.07 0.09 0.03 0.02 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100 km Cables with Ibase =47 A 
0.85 k 0.39 
Table 5.5.5 THD of Terminal Voltages and Total Relative AC Losses on Cables 
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The way to calculate the Total Relative AC Losses on the 100 km cable is the same as the 
calculation method provided in Appendix XVII and used before. The only thing need to be 
mentioned here is when transfer the Total Relative AC Losses on the 100 km cable to the 
real losses, different base value, cable type and cable length should be taken into 
consideration.  
 
5.5.2.2.1 Comparison of the Relative AC Losses on 100 km Cable with Single Branch 
System and Double Branch System 
Total Relative AC Losses on 100 km Cable  
Converter Type: Balanced Identical Three Phase IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.3 m/s  Power =18.9 MW Idc =47 A 
5 MW SAB Output Capacitor Value: 40 μF 
15 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Single Branch System  
Io (DC)/Ibase = 50% 
Double Branch System 
Io (DC)/ Ibase = 49% 
0.45  0.39  
Table 5.5.6 Total Relative AC Losses on 100 km Cable with Single and Double Branch 
System 
In Table 5.5.6, Io (DC) is the DC component of the 100 km cable current Io, Ibase is the base 
value 47 A of the 100 km cable current. The table shows that the relative losses on 100 km 
cable caused by current harmonics will not increase with an increase of the number of 
turbines or branches, but may depend on the total power transferred. This point will be 






5.5.2.2.2 Comparison of the Relative AC Losses on 100 km Cable with Total Relative 
AC Losses on Multi-Connected Cables in Double Branch System 
Table 5.5.5 shows the Total Relative AC Losses on the multi-section cables and 100 km 
cables, with different base value. In order to make a comparison, the relative losses on the 
100 km cable is referred to the losses on the multi-section cables, as presented in equation 
(5.5.1). 
 


























Where 100kmTL′ is the referred value of the relative AC losses on the 100 km cable to the 
multi-section cables, 100kmTL is the relative AC losses on the 100 km cable, Ibase_100 is the 
base value of the current on the 100 km cable, Ibase_MS is the base value of the currents on the 
multi-connected cables, Lcable_100 is the length of the 100 km cable connected between 
offshore wind farm and onshore power system, Lcable_MS is the length of each multi-connected 
submarine cable in the system, Rcable_100 is the per km value of the resistance of the 100 km 
cable, and Rcable_MS is the per km value of the resistance of the multi-connected submarine 
cables. 
Based on equation (5.5.1) and Table 5.5.5, 100kmTL=0.39 and 100kmTL′=18. In this double 
branch system with six turbines and specified wind condition, the Total Relative AC Losses 
on 100 km cable is lower than that on the multi-section cables, and the value does not 
increase in proportional with the rise of the number of turbines. This means the losses caused 
by harmonics on 100 km cables may only occupy a very small portion of the overall losses 
on the real system with hundreds of turbines and can be disregarded. As for the comparison 
of the Total Relative AC Losses on the multi-section cables between the single branch 
system and the double branch system, calculated as 906 and 838, it can be observed that the 
losses are approximately in direct ratio with the power generated from the wind turbines. 
More analysis is given in section 5.5.6 when all the simulation results of the system based 
on the wind condition in section 5.5.1.1- section 5.5.1.4 are included. 
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5.5.3 Steady State Simulation Results of the System with Identical 
Three Phase IPOS Converter Structure Under Condition in Section 
5.5.1.2 
In this section, only the FFT analysis results are given as the waveform graphs are similar 
to the graphs in section 5.5.2.  
According to Appendix XVI-2, Table 5.5.7 can be obtained. 
 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.13 0.14 0.16 0.06 0.06 0.07 0.02 0.01 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100km Cables with Ibase =47 A 
0.5 k 0.31 
Table 5.5.7 THD of Terminal Voltages and Total Relative AC Losses on Cables 
5.5.4 Steady State Simulation Results of the System with Identical 
Three Phase IPOS Converter Structure Under Wind Condition in 
Section 5.5.1.3 
In this section, only the FFT analysis results are given as the waveform graphs are similar 
to the graphs in section 5.5.2.  








 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.14 0.15 0.16 0.11 0.21 0.11 0.03 0.02 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100km Cables with Ibase =47 A 
1.8 k 0.36 
Table 5.5.8 THD of Terminal Voltages and Total Relative AC Losses on Cables 
5.5.5 Steady State Simulation Results of the System with Identical 
Three Phase IPOS Converter Structure Under Condition in Section 
5.5.1.4 
For the wind farm with a circular structure, the length of the cable, like the cable in Figure 
5.2 with I5 flowing through it, connected between two branches is about 10 times the distance 
between two adjacent wind turbines. A longer submarine cable has higher cost and 
maintenance bills, but it also performs as a bigger filter and helps to reduce the ripple content, 




Figure 5.5.9 Output Currents of 5MW SAB Converters with Circular Wind Farm Structure 
In Figure 5.5.9, Idc3 and Idc6 are the output currents from the SAB converters which are the 
nearest to the IPOS converter. The “feedback” of the high frequency resonant waveform 
from the Identical Three Phase IPOS converter are apparent on Idc3, while the waveform of 
Idc6 is very smooth, with lower peak-to-peak value compared with the waveforms of all other 
SAB converter output currents. It is simply because of the bigger filter property of the 6 km 
cable connected in the system. 
According to Appendix XVI-4, FFT analysis results and the Total Relative AC losses on the 
cables of the system with circular wind farm structure can be obtained in Table 5.5.9. It is 
noteworthy that when calculate the relative losses on the 6 km cable through which I5 is 
flowing in Figure 5.2 if circular wind farm structure is applied in the system, the ten times 







 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.14 0.15 0.16 0.15 0.15 0.15 0.03 0.02 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100 km Cables with Ibase =47 A 
0.7 k 0.3 
Table 5.5.9 THD of Terminal Voltages and Total Relative AC Losses on Cables 
5.5.6 Comparison of the Simulation Results of the Double Branch 
System Under Four Different Steady Free Stream Wind Conditions 
Displayed in 5.5.1.1-5.5.1.4 
All the simulation results of the double branch system under four different steady free stream 
wind conditions displayed in section 5.5.1.1-5.5.1.4 are obtained in section 5.5.2-5.5.5. 
Combined with the study of the single branch system in Appendix XX-14, Table 5.5.10 and 
Table 5.5.11 can be concluded as below, where: 
 Single Branch System: Performance of single branch system in section 5.4.  
 Double Branch-In Line: Performance of the double branch system when the steady 
free stream wind direction is in line with the turbine array. 
 Double Branch-Perpendicular: Performance of the double branch system when the 
steady free stream wind direction is perpendicular to the turbine array. 
 Double Branch-Acute Angle: Performance of the double branch system when the 
steady free stream wind direction has an acute angle with the turbine array. 
 Double Branch-Circular: Performance of the double branch system under steady free 
stream wind with circular wind farm structure. 
 TRL-MS: Total Relative Losses on the multi-section cables 
 100kmTL: Relative losses on the 100 km submarine cables.  
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Converter Type: Balanced Identical Three Phase IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.3 m/s  Power =3.2 MW Idc =63 A 
5 MW SAB Output Capacitor Value: 40 μF 


















0.14 0.16 0.13 0.14 0.14 
THD  
Vdc2 (%) 
0.15 0.04 0.14 0.15 0.15 
THD  
Vdc3 (%) 
















0.03 0.03 0.02 0.03 0.03 
TRL-MS 0.9 k 0.85 k 0.5 k 1.8 k 0.7 k 
Table 5.5.10 Comparison of the THD of Terminal Voltages and Total Relative AC Losses 
on Cables Under Different Conditions 
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Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.3 m/s  Power =18.9 MW Idc =47 A 
5 MW SAB Output Capacitor Value: 40 μF 



















0.01 0.02 0.01 0.02 0.02 
100kmTL 0.45 0.39 0.31 0.36 0.3 
Io(DC)/Ibase 
(%) 
49 49 60 83 99.5 
Table 5.5.11 Comparison of the Final Output Voltage and Current and Relative Losses on 
100 km Cable Under Different Conditions 
In Table 5.5.10 and Table 5.5.11, key points about the operating performance of the offshore 
wind farm based multi-terminal HVDC system can be listed as: 
a) The THD of all the terminal voltages under all wind or system structure conditions 
are limited well below 1%, which fully met the requirements of the HVDC system 
[45]. 
b) The waveform of Vo under any wind or system structure conditions can be regarded 
as a pure DC voltage. 
c) Comparing the Total Relative AC Losses on 100 km cables under these five different 
conditions, it can be identified that the AC losses will not increase with the 
increasing of the number of turbines, or power transfer. If comparing with the Total 
Relative AC Losses on multi-section cables of a real system with hundreds of 
turbines, the AC losses on the 100 km cables only occupied a tiny portion of the 
total losses and can be disregarded. 
d) The Total Relative AC Losses on the multi-section cables of the double branch 
system are higher than that of the single branch system, but not in a linear 
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proportional relationship with the number of the turbines, or the total power 
generated. 
e) For the double branch system with an array structure, the average relative losses on 
multi-section cables should be calculated as: 
0.85 𝑘 + 0.5 𝑘 + 1.8 𝑘
3
= 1 𝑘 
and the average value of Io (DC)/Ibase (%) can be calculated as: 
49 + 60 + 83
3
= 64 
Because of the random wind direction (in line with, perpendicular, acute angle are 
studied in the simulation). 
f) The value of Io (DC)/Ibase indicates the power generating ability, not the direct 
efficiency, of the system under the same wind environment. The power generated 
by the wind farm with circular structure is about 1.6 times the power produced by 
the array structure, while with a little bit lower Total Relative Losses on multi-
section cables. It means putting a circular structure wind farm into operation can 
help to extract significantly more power from the wind.  
A factor that needs to be taken into consideration is the extra costs of the cables versus the 
additional benefits from the circular wind farm structure. Assuming there are ten wind 
turbines in each branch of the system, the difference between the power generated by these 




= 12 𝑀𝑊 
Where 32 MW is the total power generated by 10 wind turbines on each of the branches of 
the system with circular wind farm structure when the speed of the steady free stream is set 
around 10.3 m/s. 
The price of the 50 kV 50 MW cable, if assumed ten 5 MW turbines in each branch of the 
system in real world, is about £100/m [153-155], and the extra cost of the 6km cable can be 
estimated as: 
(6 𝑘𝑚 − 0.6 𝑘𝑚) × £100/m× 2 = £1.1𝑚 
The lifetime of the submarine cables are about 40 years [68], even if each turbine is only 
operating half the time of a year, all the additional energy generated is worth: 
12 𝑀𝑊 × 20 𝑦𝑒𝑎𝑟𝑠 × 15 𝑝/𝑘𝑊ℎ ≈ £315𝑚 
where 15 p/kWh is the electricity price from Scottish Power in 2016.  
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£315𝑚 ≫ £1.1𝑚 
Thus, the circular wind farm structure may have higher commercial interest compared to the 
array structure. In the next section, the operating performance of the system with a circular 
wind farm structure is studied in realistic wind conditions included gust and ramp wind. The 
aim of the study of the system with wind condition in section 5.5.1.5 – 5.5.1.7 is to identify 
any different influence on the cable ripple content/AC losses caused by variable wind speed 
and interaction between turbines or converters forced by the different changing tendency of 
the wind speed. 
5.5.7 Natural Wind Simulation Results of the System with Identical 
Three Phase and Identical SAB IPOS Converter Structures Under 
Wind Condition in Section 5.5.1.5 
From this section, the system is operating under different natural wind conditions included 
gust and ramp wind, which means a much more extended period of the simulation results 
needs to be monitored. The transient states are involved as the power derived from the wind 
is not constant anymore, so the simulation results of the system with both Identical Three 
Phase IPOS and Identical SAB IPOS structures are presented and compared.  
The speed change of all the natural winds in this study starts after the seventh second, and 
returns back to the base wind speed before the fifteenth second, so all the results given under 
the natural wind conditions are within this time slot. 
5.5.7.1 Vdc1 and Idc1 When the Identical SAB IPOS Structure is Applied in the 
System and There is No Phase Difference Between 5MW SAB DC-DC 
Converters  
Under the wind condition in section 5.5.1.5, an increase of the wind speed is forced on Wind 
Turbine 1, and the waveform of Vdc1 and Idc1 can be observed in Figure 5.5.10. It can be seen 
that during the time period A when the power is increased from the MPPT region to the 
constant full power region, or during the time period B when the operating state is goes back 
to the MPPT region, the ripple content, or total harmonic distortion of the waveform is lower 
than that when the power is keeping constant. In this case, all the FFT analysis from this 
section is concentrated on the constant full power region to identify the harmonic property 
of the waveform, and the same period used for FFT analysis in previous sessions is adopted 





5.5.7.2 Waveforms of Terminal Voltages and Cable Currents Based on the 
Average Values 
As can be seen from Figure 5.5.10, if comparing the waveforms of all the terminal voltages 
or cable currents on one figure, massive overlapping of the waveforms occurs, and the graphs 
can become meaningless. One way to plot sensible graphs is drawing the waveforms based 
on the average values during a specific period, as shown in Figure 5.5.11, Figure 5.5.12 and 
Figure 5.5.13, when the specific period is set to be 0.05 s.  
As for the waveforms of Vo and Io, both of their average value graphs and original waveforms 
are shown in Figure 5.5.14 and Figure 5.5.15. 
 
 
Figure 5.5.10 Vdc1 and Idc1 with Identical SAB IPOS Structure 
A 



















Figure 5.5.15  Waveforms of Vo and Io 
Figure 5.5.14 Average Value Graphs of Vo and Io 
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From Figure 5.5.11 to Figure 5.5.15, some phenomena can be concluded as below: 
a) In Figure 5.5.11, for a system with the Identical SAB IPOS structure, the DC value 
of Vin_IPOS is controlled well at 50 kV, while that of the system with the Identical 
Three Phase IPOS structure is mostly dependent on the DC voltage value at the 
receiving end of the system, and the current flow through the transmission cables. It 
can be noticed that the value of Vin_IPOS in the system with the Identical Three Phase 
IPOS structure is increased with the increasing of the wind power: the reason is 
because the DC component/average value of Io is raised when more power is fed 
into the system, leading to a higher voltage drop on the 100 km transmission cables. 
b) Current superposition along the multi-connected cables towards the receiving end 
of the system are reflected in Figure 5.5.12 and Figure 5.5.13. These cable currents 
result in the voltage drop on the multi-connected cables, which can be identified in 
Figure 5.5.11. It should be noted that in the 6 km cable with I5 flowing through it 
brings a higher voltage drop into the system as its equivalent resistance is ten times 
higher than that of the 0.6 km cables. 
c) Figure 5.5.16 below shows the waveform of Vdc1 and Idc1 under wind condition in 
section 6.4.1.5, when Identical Three Phase IPOS structure is applied in the system.  
 
                 Figure 5.5.16 Vdc1 and Idc1 with Identical Three Phase IPOS Structure 
Comparing Figure 5.5.10 with Figure 5.5.16, it is clear that during the time when 
the captured wind power is growing or decreasing, the terminal voltages and currents 
have lower ripple content but higher or lower DC value in the system with the 
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controllable IPOS structure, which also explains the “average voltage spike” in 
Figure 6.4.11. The appearance of the lower ripple content with the controllable 
Identical SAB IPOS converter can because of the variation of the duty ratio of the 
IPOS converter, which can leading to the phase changes of the ripple content.  
d) From Figure 5.5.14 and Figure 5.5.15, the average power transferred to the onshore 
power system is similar in systems with different IPOS converter structures under 
the same wind condition, while the low cable ripple content/low harmonic distortion 
superiority of the system with Identical Three Phase IPOS structure is fully unfolded 
once more. More detailed FFT analysis of the system under this wind condition is 
given in section 5.5.10. 
Overall, if the voltage at the receiving end of the system can be controlled to a relatively 
constant value, or the onshore power system is robust enough, a controllable IPOS structure 
is not a necessary choice if the Io on the 100km cable is not big enough to cause more than 
±5% voltage difference with respect to the rated value. 
5.5.7.3 FFT Analysis 
In this section, the FFT analysis results under the wind condition in section 5.5.1.5 are given 
focussing on the period of the FFT region in Figure 5.5.10. 
According to Appendix XXI-1 and XXI-2, Table 5.5.12 and Table 5.5.13 can be obtained. 
 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.3 0.3 0.27 0.19 0.19 0.18 0.51 0.28 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100 km Cables with Ibase =47 A 
7.5 k 90 
Table 5.5.12 THD of Terminal Voltages and Total Relative AC Losses on Cables with 
Identical SAB IPOS Structure 
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 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.15 0.18 0.15 0.15 0.15 0.15 0.03 0.2 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100 km Cables with Ibase =47 A 
0.8 k 0.32 
Table 5.5.13 THD of Terminal Voltages and Total Relative AC Losses on Cables with 
Identical Three Phase IPOS Structure 
The analysis and comparison of the FFT results under the wind condition in section 5.5.1.5-
5.5.1.7 is given together in section 5.5.10. 
5.5.8 Natural Wind Simulation Results of the System with Identical 
Three Phase and Identical SAB IPOS Converter Structures Under 
Wind Condition in Section 5.5.1.6 
Figure 5.5.17 shows the waveforms of Vdc1 and Idc1 of the system under natural wind 
condition 5.5.1.6, with Identical SAB and Identical Three Phase IPOS converter structures. 
The black ellipses in the figure indicate the periods of the signal with relatively higher THD 
or ripple content. It can be seen in the system with the Identical SAB IPOS converter 
structure, both the terminal voltages and cable currents have higher ripple content when 
turbine 1, 4 and 5 are all working with increasing wind speed and still in the MPPT region. 
This phenomenon is not shown in the system with Identical Three Phase IPOS converter 




Figure 5.5.17 Waveforms of Vdc1 and Idc1 
In this section, all the FFT analyses are followed up on the periods of the waveforms with 
relatively high THD or ripple content, in order to identify any significant ripple content or 
losses caused by the interaction of different turbines working under asynchronous dynamic 













According to Appendix XXI-3 and XXI-4, Table 5.5.14 and Table 5.5.15 can be obtained. 
 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.32 0.31 0.29 0.23 0.27 0.26 0.51 0.38 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100 km Cables with Ibase =47 A 
8.9 k 184 
Table 5.5.14 THD of Terminal Voltages and Total Relative AC Losses on Cables with 
Identical SAB IPOS Structure 
 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.17 0.13 0.16 0.16 0.16 0.15 0.03 0.02 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100 km Cables with Ibase =47 A 
0.9 k 0.9 
Table 5.5.15 THD of Terminal Voltages and Total Relative AC Losses on Cables with 





5.5.9 Natural Wind Simulation Results of the System with Identical 
Three Phase and Identical SAB IPOS Converter Structures Under 
Wind Condition in Section 5.5.1.7 
Figure 5.5.18 shows the waveforms of Vdc1 and Idc1 of the system under natural wind 
condition 5.5.1.7, with Identical SAB and Identical Three Phase IPOS converter structures. 
It can be seen that when a few turbines in the system are working under asynchronous but 
overlapped unstable wind conditions, the reaction of the controllable IPOS converter 
reflected clearly on the voltage and current waveforms, while the waveforms in the system 
with uncontrollable IPOS structure are consistent from beginning to the end. As stated in 
section 5.5.8, all the FFT analyses are taken on the periods of the waveforms with relatively 
highest THD or ripple content in the black ellipses. 
 
Figure 5.5.18 Waveforms of Vdc1 and Idc1 





 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.26 0.26 0.26 0.18 0.19 0.17 0.52 0.32 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100 km Cables with Ibase =47 A 
7.8 k 92 
 Table 5.5.16 THD of Terminal Voltages and Total Relative AC Losses on Cables with 
Identical SAB IPOS Structure 
 Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 Vdc6 Vin_IPOS Vo 
THD (%) 0.14 0.19 0.2 0.17 0.16 0.16 0.03 0.01 
 
Total Relative AC Losses on 
Multi-Section Cables with Ibase =63 A 100 km Cables with Ibase =47 A 
1.8 k 1 
Table 5.5.17 THD of Terminal Voltages and Total Relative AC Losses on Cables with 




5.5.10 Comparison of the Simulation Results of the Double Branch 
System Under Three Different Wind Conditions Displayed in 
Section 5.5.1.5-5.5.1.7 
All the FFT analysis of the circular double branch system based on different natural wind 
conditions in section 5.5.1.5, 5.5.1.6 and 5.5.1.7 can be summarised in Table 5.5.18 and 
Table 5.5.19, where: 
TP: System with Identical Three Phase IPOS converter structure 
SAB: System with Identical Single Active Bridge IPOS converter structure 
WC 5.5.1.5: System working under wind condition 5.5.1.5 
WC 5.5.1.6: System working under wind condition 5.5.1.6 
WC 5.5.1.7: System working under wind condition 5.5.1.7 
TRL-MS: Total Relative AC Losses on multi-connected cables 
100kmTL: Relative losses on the 100 km submarine cables 
100kmTL′: Referred value of the relative AC losses on the 100 km cable to the multi-section 
cables 
Io (DC): The DC component of the 100 km cable current Io 













Base Value: Vdc =50 kV  Swb =10.3 m/s  Power =3.2 MW Idc =63 A 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF (TP) or 4 µF (SAB) 
 WC 5.5.1.5 WC 5.5.1.6 WC 5.5.1.7 
SAB TP SAB TP SAB TP 
THD  
Vdc1 (%) 
0.3 0.15 0.32 0.17 0.26 0.14 
THD  
Vdc2 (%) 
0.3 0.18 0.31 0.13 0.26 0.19 
THD  
Vdc3 (%) 
0.27 0.15 0.29 0.16 0.26 0.2 
THD  
Vdc4 (%) 
0.19 0.15 0.23 0.16 0.18 0.17 
THD  
Vdc5 (%) 
0.19 0.15 0.27 0.16 0.19 0.16 
THD  
Vdc6 (%) 




0.51 0.03 0.51 0.03 0.52 0.03 
TRL-MS 7.5 k 0.8 k 8.9 k 0.9 k 7.8 k 1.8 k 
Table 5.5.18 Comparison of the THD of Terminal Voltages and Total Relative AC Losses 




Base Value: Vdc =400 kV  Swb =10.3 m/s  Power =18.9 MW Idc =47 A 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF (TP) or 4 µF (SAB) 
 WC 5.5.1.5 WC 5.5.1.6 WC 5.5.1.7 
SAB TP SAB TP SAB TP 
THD  
Vo (%) 
0.28 0.2 0.38 0.02 0.32 0.01 
100kmTL 90 0.32 92 0.9 92 1 
100kmTL’ 4.2 k 15 4.3 k 42 4.3 k 46 
Io(DC)/Ibase 
(%) 
119 119 123 129 140 139 
Table 5.5.19 Comparison of the Final Output Voltage, Current and Relative Losses on 
100km Cable Under Different Natural Wind Conditions 
Note: Io(DC)/Ibase (%) is calculated when all the turbines are operated under their maximum 
power region during the simulation period.  
Combining Table 5.5.18 and Table 5.5.19, the overall performance of the system under 
different natural wind conditions can be concluded as: 
a) The THD of all terminal voltages are well below 2%, even though the FFT analyses 
are based on the region with relatively highest ripple. 
b) The Total Relative AC Losses on multi-section cables are increased with the 
increase of the total power transferred; however, the efficiency relative to the AC 
losses on the multi-section cables is independent of the total power transferred. 
c) The Total Relative AC Losses on 100 km cable do not follow the variation of the 
total power transferred of the system, but keep approximately constant. Combined 
with b), the efficiency of the system can be enhanced if more power is abstracted 
from the wind. 
d) Referring to equation 5.5.1, the referred value of Total Relative AC Losses on 100 
km cable are listed in Table 5.5.19 as 100kmTL’. It is shown that the 100 km cable 
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relative AC losses on the system with the Identical SAB IPOS converter structure 
are about twenty times of that with the Identical Three Phase IPOS converter, or 
about 50 kW higher losses in the system with six turbines. However, for a system 
with Identical SAB IPOS converter structure, the main losses happen on the 100 km 
submarine cables, which are much greater than the losses on the multi-connected 
cables. As the losses on the 100 km cable do not increase with the increasing of the 
power transferred, so the superiority of the system with the Identical Three Phase 
IPOS converter structure will drop with the increasing of the number of turbines, 
branches, or transferred power, but it still always better. 
In summary, the advantages of the system with the Identical Three Phase IPOS converter 
structure are demonstrated again under these natural wind conditions, even with a smaller 
filter capacitor value, despite the situation when the receiving end voltage may fluctuate. 
Moreover, comparing Table 5.5.18 and Table 5.5.19 with Table 5.5.10 and Table 5.5.11, 
although the variable wind speed forced on some turbines during a small period can vary the 
THD or ripple content of the voltage or current waveforms in a short period of time, no 
significant high ripple content or losses is brought into the system. The performance of the 
system is favourable under different wind conditions without cut off and different wind farm 
structures. The operation of the system with a single cut off wind turbine is illustrated in the 
next section.  
5.5.11 Natural Wind Simulation Results of the System with Identical 
Three Phase and Identical SAB IPOS Converter Structures Under 
Wind Condition in Section 5.5.1.8-Cut off 
In Section 5.5.1.8, the natural wind speed forced on Wind Turbine 1 reaches the cut off wind 
speed of the turbine 25 m/s around the ninth second, and reduces back below 25 m/s around 
the tenth second, while all other turbines are assumed working under steady wind speed. 
Figure 5.5.19, Figure 5.5.20 and Figure 5.5.21 shows all the waveforms of terminal voltages 
and cable currents of the system between the 9th second and the 11th second, which includes 
the entire cut off period, described as steady state system to cut off and back to steady state. 
FFT analysis is not provided in this section as no significant ripple content and losses happen 
during the cut off period, and the performance of the system is analysed based on the 
waveform graphs. All the figures are obtained when all the 5 MW SAB converters have no 




Figure 5.5.19 Terminal Voltages of System Around Cut off Time Zone 
 
Terminal Voltages of System With 
Identical SAB IPOS Converter Structure 
When 5MW SAB Converters Have No 
Phase Shift Between Each Other 
Terminal Voltages of System With 
Identical Three Phase IPOS 
Converter Structure When 5MW 
SAB Converters Have No Phase 




Figure 5.5.20 Cable Currents of System Around Cut off Time Zone 
Cable Currents of System With Identical 
SAB IPOS Converter Structure When 
5MW SAB Converters Have No Phase 
Shift Between Each Other 
Cable Currents of System With 
Identical Three Phase IPOS 
Converter Structure When 5MW 
SAB Converters Have No Phase 




Figure 5.5.21 Waveforms of Vo and Io Around Cut off Time Zone 
When the wind speed blowing at Wind Turbine 1 increases to the cut-out wind speed, the 
power generated by Turbine 1 is decreasing gradually with a sharp rate, as shown in Figure 
5.5.22. 
 
Figure 5.5.22 Wind Turbine Power Curve with MPPT – (Taken From Figure 4.2.1) 
Meanwhile, the value of Idc1 is reduced together with the reduction of the generated power, 
and its value in both cases in Figure 5.5.20 can become negative as part of the Idc2 will flow 
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back to the 5 MW DC-DC converter connected after the PMSG&PWM rectifier1, and 
charges its output filter capacitor. All the multi-connected cable currents are superposed 
together, and after the transformation of IPOS converter, Io in Figure 5.5.21 indicates the 
total power generated. It is noticed that for the system with Identical SAB IPOS converter 
structure, the THD or ripple content of Io is decreasing to a relatively small value during the 
middle time slot in Figure 5.5.21. This is because the superposed ripple content also vary 
with the generated power change of any single turbine, and the harmonic components during 
that time slot can be filtered out by the output capacitor of the IPOS converter. This 
phenomenon cannot be regarded as the property of the system, but mainly depends on the 
physical truth when building the system in real world. 
The drop of the current Io will cause the falling of the voltage drop on the 100 km submarine 
cables as well as Vo; however, compared with 400 kV, the variation of the Vo is negligible, 
and the Vo can almost be regarded as constant. In other words, the control system will not 
have an apparent reaction to this voltage drop. 
In Figure 5.5.19, all terminal voltages have small drops during the cut off, only because of 
the superposed current drop on multi-section cables or the IPOS converter itself. 
In summary, in this type of multi-connected system, a single, or a few in a bigger system, 
wind turbine cut off from the system during a small period will not cause any significant 
problems in the system, and the time needed for the recovery is much quicker than that 
required to start up a turbine until it reaches to the steady state, although the recovery time 









Chapter 6  
Conclusions and Future Work 
6.1 Conclusions 
The aim of this PhD research is to study the harmonic content and AC losses on the 
submarine cables of an offshore wind farm based DC system with the application of high 
voltage, high power DC-DC converters. In order to build the fully controlled system in 
Simulink-PLECS correctly, the whole system is studied, built, and simulated part by part 
before the overall integration. Scaled hardware testing is also included in the DC-DC 
converter part for validation. The fully controlled circuit can be necessary as power 
transferred is determined entirely by the wind conditions or wind farm structure. Successful 
and accurate system simulation is only possible if a realistic model is developed with 
realistic variable wind speed input. 
6.1.1 Modelling Approach 
A major difficulty in this research is building the complex control system and mathematical 
model for the different parts of the system. Although Simulink has many good examples of 
turbines and PMSG blocks, different challenges still need to be tackled such as: 
 Simulink and PLECS cannot have any circuit connecting between each other, which 
means the PMSG block cannot be applied in the study and a mathematical model 
needed to be built. 
 The definition of the dq0 axis or the dq related elements, such as voltage and current, 
can vary in the different models or reference papers. Unifying all the models and 
their parameters under the same reference base was a long and challenging task. 
 A proper input current source with the controllable input voltage at a certain range 
is not readily available in the real world, but essential for the transient hardware 
testing of the DC-DC converter. Lots of challenges were faced before the final 
definition of an approximate current source.  
 Due to computational hardware limitations, the extensive system simulation can 
quickly reach its upper limit, and took a very long time to run. 
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The development of a proper model of the whole offshore wind farm based multi-terminal 
DC system lays a solid foundation for the study and detailed predictions of the DC grid. 
6.1.2 Structure of the 5 MW DC-DC Converter 
Two different possible structures of the 5 MW SAB converter in the system are proposed in 
section 3.4.3. Although the parallel converter structure can reduce the ripple content 
significantly, the IPOSTs structure seems to be better in the application of the multi-
connected offshore system, as: 
 In chapter 3, it is shown that a single 5 kV, 5 MW SAB converter is a possible 
scheme due to the potential application of individual high voltage high power IGBT 
packages.  
 In chapter 5, it can be seen that acceptable AC losses on the cables and acceptable 
THD of voltage and current can be obtained with the IPOSTs 5 MW converter 
structure by the utilisation of a passive filter of reasonable value and size, and 
suitable ISIPOS structure. 
 All the apparent advantages of the can be seen in Table 3.4.1 in section 3.4.3. 
This study result is a little bit different from the expectation. When the single paralleled 
converter structure is compared with the single IPOSTs, the output ripple can be reduced by 
a large amount with the paralleled structure. However, when the two structures are used in 
the system the advantages of the paralleled structure is not apparent due to the filter property 
of the submarine cables, and instead, its disadvantages become more noticeable based on 
the large number of the 5 MW converters needed in the system.  
6.1.3 Power Feedback for the Control System Under the No Wind 
Condition 
When building a system in a far offshore environment, at a time of no wind, approximately 
1% of the rated turbine power is required to be fed back from the onshore power system for 
the control and any other auxiliary circuits. However, the application of the ISIPOS DAB 
converter with bidirectional power transfer structure not only doubles the number of 
switches, increasing the complexity of the system and its control circuit, but also needs a 
much bigger inductor connected at the primary side of the converter. Combined with the 
information on the feedback circuits in Figure 3.2.1, a unidirectional power transfer ISIPOS 
converter structure with separate parallel connected low power unidirectional converter is 
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proposed. This converter structure allows transfer of power in the opposite direction would 
be a better solution for the system under the black start or no wind situation. 
6.1.4 Wind Farm Structure 
A wind farm with an array structure is the most common design for an offshore environment. 
In this thesis, another novel circular wind farm structure is studied together with the array 
structure. Simulation results in section 5.5.6 indicate that although the circular wind farm 
structure can have ten times longer submarine cables, it still has higher commercial interest 
compared with the array structure, due to the higher wind power drawing ability based on 
the elimination of the wake effect and turbulence, as well as lower AC losses and voltage 
THD on the cables. Before the study, it is always regarded that the system with longer cables 
may cause higher losses as well as higher installation cost. However, the study results show 
that the circular wind farm structure with longer cables is able to generate more energy from 
the wind. It needs to be mentioned here that DC cable losses are very small in the circuit and 
will not have significant influences. 
It is suggested in this thesis, not only in the multi-terminal DC system studied in this research, 
but also in any other types of substantial wind farm based system, the circular wind farm 
structure is an attractive alternative to the array structure. 
6.1.5 Structure of the ISIPOS Converter in Real World or 15 MW/30 
MW IPOS Converter in Chapter 5 
In this thesis, three different unidirectional IPOS converter structures are proposed and 
studied under various wind and wind farm conditions. The overwhelming advantages of the 
Identical Three Phase IPOS converter, or IPOS structure with partial Three Phase converters, 
are shown up many times in Chapter 4 and Chapter 5, including: 
 Helping to reduce the value and size of the passive filters. 
 Leading to the lowest cable ripple content and AC losses. 
 Higher power carrying ability. 
The disadvantage of the Three Phase converter is the loss of the controllability. The inherit 
of the advantages of the Three Phase converter in IPOS converter structures with it is as 
expected. Based on Chapter 4 and Chapter 5, the application of the three different IPOS 
converter structures can be summarised as: 
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 If the onshore power system at the receiving end is robust enough or can always 
provide a relatively constant voltage value at the connected DC end, the Identical 
Three Phase ISIPOS converter should be used in the system, and lowest cable ripple 
content and AC losses can be achieved compared with other two structures. 
 If the voltage of the connected DC side of the onshore power system at the receiving 
end is fluctuating but can be within a specific range, SAB+Three Phase ISIPOS 
converter, which is a partial input voltage controllable converter, can be applied in 
the system. For the system with SAB+Three Phase ISIPOS converter structure, cable 
ripple content and AC losses are lower than that in the system with Identical SAB 
ISIPOS converter structure but higher than that in the system with Identical Three 
Phase IPOS converter.  
 If the voltage at the connected DC side of the onshore power system at the receiving 
end is fluctuating heavily, as may happen in an isolated island, the Identical SAB 
ISIPOS converter, which is a full input voltage controllable converter, can be put 
into operation in the system, at the cost of the higher cable ripple content and AC 
losses, as well as higher filter capacitor value at the input of the Identical SAB 
ISIPOS converter. 
6.1.6 The Effects of Filter Capacitors on the Cable Ripple Content 
and AC Losses at the Multi-Connected Section 
Filters at the multi-connected section of the system, like the output capacitor of the 5 MW 
SAB converter and the input capacitor of the IPOS/ISIPOS converter, play a crucial role in 
the limitation of ripple content and losses in the multi-connected cables. From the case study 
in section 5.4.2.2, it can be seen that the output filter of the 5 MW converter plays a much 
more critical role in the reduction of both voltage ripple content and AC losses on the cables. 
Under this circumstance, the input filter value of the IPOS/ISIPOS converter can be much 
smaller than the output filter value of the 5 MW SAB converter, while the design of the latter 
should also be carried out carefully when building the system in the real world. 
6.1.7 The Effect of Different Wind Conditions on the Cable Ripple 
Content and AC Losses 
This research is primarily evaluating the voltage ripple content and AC losses on submarine 
cables of the system under different wind conditions, in order to identify any influences 
215 
 
which can be caused by the variation of the wind speed on the cable ripple content or AC 
losses. According to the study of the system under different wind conditions, the following 
points can be concluded: 
 The total harmonic distortion of all the terminal voltages can be limited well below 
2%, in any type of wind conditions, with all three different IPOS converter structures 
when proper filter capacitors are applied in the system. This result is much better 
than the expectation, especially when looking at the terminal voltages at the multi-
connected cables of the system, as relatively high current ripple content and the 
superposition of the current may cause high voltage ripple content.  
 Always, higher power transfer amounts to little more than the higher losses in the 
system. However, in this study, it is found that the AC losses on the 100 km 
submarine cable will not increase with the increase of the total power transferred 
and are stable under any conditions.  
 The AC losses on the multi-connected submarine cables are in direct proportion to 
the total power transferred, which is as the normal situation. 
 Gust wind and interaction between the wind turbines in a wind farm will not cause 
significant ripple content and AC losses on the cables. Before the study, it is 
regarded that the variation of the wind speed may produce higher cable ripple 
content. However, the results lead to the opposite conclusion, and variable wind 
does not need to be included in the study of the ripple content on cables in future 
work. One thing needs to be mentioned here is that the variation of wind speed or 
the interaction between wind turbines can still influence the power which can be 
absorbed by the turbines and must be considered when looking at the power transfer 
ability of the system. 
 The system has relatively good recoverability when the wind speed is below the cut-
in speed or above the cut-out speed for a short period of time, based on the fact that 
unexpected high or low wind occurs only occasionally and will only impact a few 
turbines in a big wind farm system during a small period. During the cut off time, 
no significant high ripple content and AC losses will happen, ruling out the concern 
before the study. 
 
Overall, this type of novel offshore wind farm based multi-connected DC system is reliable 
and can be adequately operated, without any significant technical difficulty. The cable ripple 
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content and AC losses are limited under different wind conditions even when realistically 
sized filter is applied in the system. 
 
6.2 Future Work 
6.2.1 More Research on DC-DC Converter 
This research shows the advantages of the Three Phase DC-DC converter when working in 
the system, while its only limitation is the loss of the controllability. In future work, the 
research of the controllable Three Phase DC-DC converter with fixed switching frequency 
should be examined.  
6.2.2 Extended Study of the Whole System 
System study is the purpose of this thesis, and more work can still be down based on the 
large offshore wind farm based multi-terminal DC network, including: 
 More wind turbines can be connected to each branch, and the number of branches 
can also be increased. The study aims at identifying any unpredictable higher AC 
losses which can occur in larger system. 
 Diversify the way branches are connected together. For example, if there are three 
branches in the system, the first branch can be connected to the ISIPOS converter 
directly, the third one can be connected to the second one, and the second one can 
be connected to the first one; or all the branches can be connected to the ISIPOS 
converter directly. This study can help to select a better structure when comparing 
the reduction in losses and increase in cable price. 
 Consider the 100km submarine cable as a transmission line. 
 Increasing the time period of the signal selected for the FFT analysis, which can 
help to obtain more detailed and accurate FFT analysis results. 
 In the simulation work of the system with variable wind speed, the FFT analysis is 
concentrated on the period with relatively higher ripple content. In future work, a 
more extended period which includes signals with different ripple content can be 
selected for the FFT analysis or the simulation results can be studied time section 
by time section. 
 At the receiving end of the system, a controllable inverter with robust/fluctuating 
AC system, or an uncontrolled inverter with robust/fluctuating AC system can be 
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built to monitor the performance of the system under different circumstances and 
identify any possible higher ripple content or losses caused by them. 
 Study of the system during the black start period, while the auxiliary low power 
DAB DC-DC converter is connected in parallel with the ISIPOS converter to 
provide power for the black start. 
 Study of the performance of the system when a DC fault happens. 
The system in the research is a huge project and needs cooperation between research 
institutes and industrial partners and government if implemented as a project in the real 
world. The long-term plan of the project should be considered carefully and all the work in 
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Appendix I Transformer Test 



























1 2 3 
Frequency 52 kHz 52 kHz 52 kHz 
L1(μH) & R1(mΩ) L=5.02  R=276  L=4.8  R=239 L=1.25  R=145.6 
L2(μH)  & R2(mΩ) L=1.76  R=84.7 L=1.64  R=80.2 L=0.404  R=28 
Turns Ratio Ns : Np 0.595 0.595 0.6 
(L2/ L1) : (Ns : Np)2 0.99 0.97 0.9 
Series L(μH)  + Q 
Lm =385.5  Q=12.4 Lm =343.1  Q=14.3 Lm =348  Q=14.6 
Calcu Rm=10.02 Calcu Rm=7.71 Calcu Rm=7.67 
Series Lm(μH)  & 
Rm(Ω)  
Lm=382.8  Rm=9.63 Lm=342.3  Rm=7.92 Lm=344.95  Rm=7.85 
Parallel Lm(μH)  & 
Rm(Ω) 
Lm=387.9  Rm=1593.3 Lm=344.1  Rm=1587.2 Lm= 349.7 Rm=1654.7 
Transformer 
Number 
4 5 6 
Frequency 52 kHz 52 kHz 52 kHz 
L1(μH) & R1(mΩ) L=0.96  R=174 L=5.3  R=248 L=5.98  R=332.8 
L2(μH)  & R2(mΩ) L=0.302  R=25 L=1.83  R=81.6 L=1.65  R=105.4 
Turns Ratio Ns : Np 0.6 0.595 0.54 
(L2/ L1) : (Ns : Np)2 0.87 0.98 0.95 
Series L(μH)  + Q 
Lm=386.7  Q=13.3 Lm=381.3  Q=13.3 Lm=459.42  Q=12.89 
Calcu Rm=9.33 Calcu Rm=9.12 Calcu Rm=11.46 
Series Lm(μH)  & 
Rm(Ω)  
Lm=381.84  Rm=9.7 Lm=380.9  Rm=9.25 Lm=459.84  Rm=11.57 
Parallel Lm(μH)  & 
Rm(Ω) 







7 8 9 
Frequency 52 kHz 20.3 kHz 52 kHz 
L1(μH) & R1(mΩ) L=5.15 R=275.3 L=1.65  R=81.3 L=2.94  R=180 
L2(μH)  & R2(mΩ) L=1.75  R=103 L=0.802  R=32 L=1.57  R=63 
Turns Ratio Ns : Np 0.6 0.663 0.708 
(L2/ L1) : (Ns : Np)2 0.94 1.1 1.06 
Series L(μH)  + Q 
Lm=382.85  Q=11.9 Lm=129  Q=11.3 Lm=177  Q=11.292 
Calcu Rm=10.38 Calcu Rm=1.5 Calcu Rm=5.12 
Series Lm(μH)  & 
Rm(Ω)  
Lm=385.85  Rm=10.43 Lm=138.3  Rm=1.6 Lm=178.3  Rm=5 
Parallel Lm(μH)  & 
Rm(Ω) 
Lm=388.5  Rm=1534.2 Lm=139.6 Rm=198 Lm=179.7  Rm=683.4 
Transformer 
Number 
10 11 12 
Frequency 20.3 kHz 52 kHz 20.3 kHz 
L1(μH) & R1(mΩ) L=1.31  R=73 L=0.909  R=71.4 L=1.77  R=87.4 
L2(μH)  & R2(mΩ) L=0.568  R=28 L=0.41  R=27 L=0.717  R=35.7 
Turns Ratio Np : Ns 0.663 0.664 0.663 
(L2/ L1) : (Np : Ns)2 0.99 1.02 0.92 
Series L(μH)  + Q 
Lm=129  Q=11.3 Lm=133.7  Q=10.9 Lm=134 Q=10.3 
Calcu Rm=1.5 Calcu Rm=4 Calcu Rm= 1.65 
Series Lm(μH)  & 
Rm(Ω)  
Lm=137.2 Rm=1.58 Lm=133.9  Rm=4 Lm=135.2 Rm=5.2 
Parallel Lm(μH)  & 
Rm(Ω) 







13 14 15 
Frequency 62.5 kHz 52 kHz 52 kHz 
L1(μH) & R1(mΩ) L= 1.45  R=73.6 L=0.52   R=172.5 L=1.37   R=193 
L2(μH)  & R2(mΩ) L=2.9  R=152 L=1.47  R=576.5 L=3.12   R=612.4 
Turns Ratio Ns : Np 1.39 1.39 1.39 
(L2/ L1) : (Ns : Np)2 1.03 1.45 1.17 
Series L(μH)  + Q 
Lm=94.2   Q=10.2 Lm=88.79   Q=11.3 Lm=92.56  Q=11.23 
Calcu Rm=3.63 Calcu Rm=3.08 Calcu Rm=3.2 
Series Lm(μH)  & 
Rm(Ω)  
Lm=94.9   Rm=3.66 Lm=88.78  Rm=2.99 Lm=92.04   Rm=3.15 
Parallel Lm(μH)  & 
Rm(Ω) 

















Appendix II Design of the Transformer 
Core 
Due to the difficulty on the finding of low power high frequency Three Phase transformers, 
three separate transformers are used instead. Finally, an ETD 34 N97 core is selected, which 
can leave about 50% power margin and have relatively small power losses. 
Number of Turns 
𝑉 =
2 × 𝑁 × 𝐴𝑒 × 𝐵𝑚𝑎𝑥 × 𝑓
𝐷
 
Where V is the voltage, N is the number of turns, Ae is the cross section of the transformer 
core, Bmax is the maximum operating flux density, f is the switching frequency and D is the 
switching duty ratio. Always, Bmax = 0.8 Bsat [93]. 
Start from the lower phase voltage side: 
𝑁𝑠 =
𝐷 × 𝑉𝑠
2 × 𝐵𝑚𝑎𝑥 × 𝐴𝑒 × 𝑓
=
10 × 0.492
2 × 200 × 10−3 × 97.1 × 10−6 × 20.3 × 103
= 6.24 ≈ 7 






Table II-1 Number of Turns 
Taking the voltage drop on components of the circuit and compromising between the 
accuracy and winding losses, the final value of the number of turns are NP=10, Ns=6. 
Winding Diameter 
Skin effect has to be taken into account in the design as the maximum current density of a 









= 0.46 𝑚𝑚 
According to Figure 3.3.3, the approximate rms value of the primary side voltage and current 








≈ 20 × √
2
3




= 4.08 𝐴      𝐼𝑠_𝑟𝑚𝑠 =
4.08 × 6
4
= 6.12 𝐴    







× (𝑑 − 2𝛿)2 =
𝜋
4
× (10−6 − 6.4 × 10−9) = 0.78 𝑚𝑚2 
So use 1 strand of 1mm wire for the primary side (J=5.2A/mm2) and 2 strands of 1mm wire 
for the secondary side (J=3.9A/mm2). 
Window Area Checking 











= 0.098 ≪ 0.6 
 
Appendix III 
For this small converter model, comparing of the input voltage/power, the relative leakage 
inductance/resistance value is much bigger than that in the real system, and the frequency is 
also much higher, so the resonant property will not be considered. However, at this time the 
voltage drop across the leakage inductance is significant compared with the input voltage, 
and the secondary voltage waveform also depends on the leakage inductance. Based on the 











= 𝐶 × ∆𝑉𝑜 
where ∆I ≈0.86 A is the peak to peak value of the Ibc in Figure 3.3.1 and T is the switching 
period of the converter. 
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For this converter, ∆Vo ≈14×0.5%=0.07 V (when the output voltage ripple is limited to 
±0.25%). 


















































































































































Appendix XI Symmetrical Optimum (SO) Design 
Method of a Control Loop 
PID controller is widely used in different kinds of closed control loop when designing a 
system with feedback. However, the determination of PI parameters K i and Kp are not very 
straightforward and always determined by trial and test. The Symmetrical Optimum design 
method is one of the effective ways to set the value of K i and Kp [135], which is adopted 
when met the second order transfer function system.  
The aim of this Appendix is explaining the detailed derivation procedure of SO and any 
equation related to it, because nearly all of the papers which use SO are showing the equation 
directly and not explain the theorem clearly. 
The idea of SO is set the maximum phase margin frequency to be the crossover frequency 
of the open loop transfer function of the system, as shown in Figure XI-1. 
 
Figure XI-1 Open Loop Transfer Function With SO Design 
The reason can be briefly explained as, at the crossover frequency, the gain of the transfer 
function is 1, which means the magnitude of the input is equivalent to the output. If assuming 
the phase margin is -180 degree at this time, a signal with the same magnitude but reversed 
phase angle will be feedback. In positive feedback situation, the original signal will be 
cancelled out, in negative feedback situation, a significant error will be obtained. So the 
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phase margin at the crossover is the most important and should be set at least to 45º. Aligning 
the maximum phase margin with the crossover frequency should be able to achieve the 
optimum performance of the system.  
 
Figure XI-2 Standard Open Loop Transfer Function 
The author’s main research area is about the multi-terminal HVDC connections and high 
power DC-DC converters. Figure XI-3 shows a simplified standard linearized transfer 
function of a single active bridge converter [75]. 
 
Figure XI-3 Linearized Transfer Function of SAB Converter 
Setting:  









)                             (XI-1) 
At the crossover frequency ωco:  









)| = 1                 (XI-2) 
                         




Because of the (
1
𝐶𝑖𝑛×𝑠
) has a constant phase angle -90 degree, it can be set: 
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1 + (𝑇𝑑 × 𝜔𝑐𝑜)
2
= 0 


















 are the cutoff frequency of the PI controller and the delay function respectively, 
so the parameter “a” can be regarded as the symmetrical gain between the PI controller and 
the delay transfer function. This is also the reason why the method is called symmetrical 
optimum method. 





If rewriting the equation XI-2 as: 










)|  = 1 when 𝜔 = 𝜔𝑐𝑜 
 
|𝑇𝐹𝑜| = 𝐾𝑝 × |
1
𝐶𝑖𝑛 × 𝑗𝜔𝑐𝑜
| × (1 +
1
𝑎2
) = 1 
Replace 𝜔𝑐𝑜 with 
1
𝑇𝑑×𝑎


















                                                            (XI-4) 
Damping factor 
In order to identify the value of all the parameters, the relationship between the damping 
factor ζ and the symmetrical gain “a” needs to be found. The closed loop transfer function 
of the system is: 
𝑇𝐹 =
𝐾𝑝 × 𝑠 + 𝐾𝑖
𝑠 × (𝑇𝑑 × 𝑠 + 1) × (𝐶𝑖𝑛 × 𝑠) + 𝐾𝑃 × 𝑠 + 𝐾𝑖
 














and the factorization of the denominator is: 
𝑇𝐹𝑑𝑒𝑛𝑜 = (𝑠 +
1
𝑇𝑑











]                       (XI-5) 




𝑠2 + 2ζ𝜔𝑛 × 𝑠 + 𝜔𝑛
2                                             (XI-6) 
Where ωn is the natural frequency and ζ is the damping factor. 
The position of two poles are: 
𝑠1 2 = 𝜔𝑛 (−ζ ± √ζ
2 − 1) 
Combining equation XI-5 and equation XI-6, it can be found that: 















Always, ζ is chosen to be 1/√2. 
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Appendix XIV Line Voltage Park 
Transformation  
Using line voltage instead of phase voltage in control loop part with park transformation of 
the machine. 
Setting the three phase voltage: 
 𝑉𝑎 = 𝑉𝑚 cos(𝜔𝑡)    𝑉𝑏 = 𝑉𝑚 cos(𝜔𝑡 − 120°)     𝑉𝑐 = 𝑉𝑚 cos(𝜔𝑡 + 120
°)  (XIV-1) 








cos𝛼 cos(𝛼 − 120°) cos(𝛼 + 120°)





)               (XIV-2)X 
















× (𝑉𝑎𝑏 − 2𝑉𝑏𝑐) 
(XIV-3) 
 








2 cos 𝛼 cos𝛼 + √3 sin𝛼
















Appendix XV Three-Phase Sinusoidal Mode 
Electrical System Equation for PMSG 
The Stator flux linkage equation of the PMSG in abc reference frame: 
𝜳𝒔_𝒂𝒃𝒄 = 𝑳 × 𝒊𝒂𝒃𝒄 +𝜳𝑷𝑴_𝒂𝒃𝒄                                               (XV-1) 
Where Ψs_abc =[Ψa, Ψb, Ψc]T, represents the vector of the stator circuit flux linkage; Iabc =[Ia, 
Ib, Ic]T, indicates the stator winding current; L and ΨPM_abc are on behalf of the inductance 





)   𝜳𝑷𝑴_𝒂𝒃𝒄 = (
𝛹𝑚 cos 𝛼
𝛹𝑚 cos(𝛼 − 120°)
𝛹𝑚 cos(𝛼 + 120°)
)   
Lsp: self-inductance per phase; M: mutual inductance between two stator phases; Ψm: the 
peak value of the flux linkage. 
The stator voltage equation in the abc frame: 
𝑽𝒔_𝒂𝒃𝒄 = 𝑹 × 𝒊𝒂𝒃𝒄 +
𝑑(𝜳𝒔_𝒂𝒃𝒄)
𝑑𝑡










Where Vs_abc is three phase stator terminal voltage, Rs is the resistance of per phase winding. 
Combining (XV-1) and (XV-2): 
𝑽𝒔_𝒂𝒃𝒄 = 𝑹 × 𝒊𝒂𝒃𝒄 +
𝑑(𝑳 × 𝒊𝒂𝒃𝒄 +𝜳𝑷𝑴_𝒂𝒃𝒄)
𝑑𝑡
                            (XV-3) 
Park Transformation: 
𝑷 × 𝑽𝒔_𝒂𝒃𝒄 = 𝑷 × (𝑹 × 𝒊𝒂𝒃𝒄) + 𝑷 ×
𝑑(𝑳 × 𝒊𝒂𝒃𝒄 +𝜳𝑷𝑴_𝒂𝒃𝒄)
𝑑𝑡






cos𝛼 cos(𝛼 − 120°) cos(𝛼 + 120°)








Note: The park transformation in this section is different from Appendix XIV, in which 
lagging q axis is applied. 
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Then the following equation can be obtained: 
𝑽𝒅𝒒𝟎 = 𝑹 × 𝒊𝒅𝒒𝟎 + 𝑷 ×





            (XV-5) 
Where: 
𝑷−𝟏 = (
cos𝛼 − sin𝛼 1
cos(𝛼 − 120°) −sin(𝛼 − 120°) 1
cos(𝛼 + 120°) − sin(𝛼 + 120°) 1
) 
The relationship between abc components and dq0 components: 
Rearrange equation (XV-3): 
𝑽𝒅𝒒𝟎 = 𝑹 × 𝒊𝒅𝒒𝟎 +𝑷 × 𝑳 ×
𝑑(𝑷−𝟏)
𝑑𝑡











= 𝜔 × (
−sin𝛼 − cos𝛼 0
−sin(𝛼 − 120°) − cos(𝛼 − 120°) 0










𝑷 × 𝑳 × 𝑷−𝟏 = (
𝐿𝑠𝑝 −𝑀 0 0
0 𝐿𝑠𝑝 −𝑀 0
0 0 𝐿𝑠𝑝 + 2𝑀
) 
𝑷 × 𝑳 ×
𝑑(𝑷−𝟏)
𝑑𝑡
= 𝜔 × (
0 𝑀 − 𝐿𝑠𝑝 0
𝐿𝑠𝑝 −𝑀 0 0
0 0 0
) 










) +𝜔 × (
0 𝑀 − 𝐿𝑠𝑝 0








𝐿𝑠𝑝 −𝑀 0 0
0 𝐿𝑠𝑝 −𝑀 0




























𝑉𝑞 = 𝑅𝑠 × 𝑖𝑞 +𝜔 × (𝐿𝑠𝑝 −𝑀) × 𝑖𝑑 + (𝐿𝑠𝑝 −𝑀) ×
𝑑(𝑖𝑞)
𝑑𝑡
+ 𝜔 ×𝛹𝑚 
(XV-6) 
𝐿𝑑 = 𝐿𝑞 = (𝐿𝑠𝑝 −𝑀) 














Applying the definition of Ψd, Ψq and rewrite equation (XV-5): 
 𝛹𝑑 = 𝐿𝑑 × 𝑖𝑑+𝛹𝑚 













According to equation XV-9, the equivalent circuit of a PMSG under dq frame can be drawn 


















Figure XV-1 Equivalent Circuit of PMSG 
Some useful mathematic equation applied in this section: 




















Power and electromagnetic torque equation: 
The energy stored in an inductor can be represented as: 
1
2
× 𝐿 × 𝑖2 
from the theory of electrical motor integration and electromechanical energy conversion, the 
equation of the electromagnetic torque can be represented as (equation 1-62 in [123]): 
 2
3




          = −𝑝 × 𝐼𝑚[(𝛹𝑑 + 𝑗𝛹𝑞) × (𝑖𝑑 − 𝑗𝑖𝑞)] 
                    = 𝑝 × (𝛹𝑑 × 𝑖𝑞 −𝛹𝑞 × 𝑖𝑑)  
(XV-10) 
Where p is the number of pole-pairs of the machine 




× 𝑝 × 𝑖𝑞 × [𝛹𝑚 + (𝐿𝑑 − 𝐿𝑞) × 𝑖𝑑]                            (XV-11) 
When the wind speed is 12.5 rpm, setting the pole pairs to be 264 rather than 240 as we want 
the output frequency from the machine is a little bit different from the grid frequency, this 












Appendix XVI Percentage of Harmonic Wave 
Relative to the Base Value at Dominate 
Frequencies and the THD of Cable Terminal 
Voltages and Total Relative AC Losses on the 
Cables in Double branch Systems Under 




Appendix XVI-1: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Steady State of Double branch Systems with Identical Three Phase IPOS 
Converter Structure When the Wind Direction is in Line with the Turbine Array Under 
Steady Free Stream 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.15 0.15 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.03 0.01 0.02 0.02 0 0.01 0 0 
Vdc3 0.07 0.07 0.02 0.02 0.01 0.01 0 0 
Vdc4 0.15 0.15 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc5 0.06 0.05 0.02 0.02 0.01 0.01 0 0 
Vdc6 0.07 0.07 0.02 0.02 0.01 0.01 0 0 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 17 14 1.4 2.2 0.43 0.5 0.19 0.11 
I2 5.2 6.6 0.39 1.8 0.16 0.5 0.07 0.11 
I3 7.6 6.2 0.94 1.2 0.26 0.16 0.22 0.12 
Idc4 20 15 2 2.3 0.88 0.52 0.51 0.1 
I4 4.1 10 0.4 1.9 0.12 0.59 0.06 0.31 
I5 7.6 8.7 1.1 1.8 0.47 0.7 0.48 0.42 
 
Harmonic 
Percentage    
(%) V/I         
283 
 
Average THD of Vdc1 (%): (0.15+0.16)/2 =0.16 
Average THD of Vdc2 (%): (0.04+0.03)/2 =0.04  
Average THD of Vdc3 (%): (0.07+0.08)/2 =0.08 
Average THD of Vdc4 (%): (0.16+0.16)/2 =0.16 
Average THD of Vdc5 (%): (0.07+0.06)/2 =0.07 
Average THD of Vdc6 (%): (0.08+0.09)/2 =0.09 
Average THD of  Vin_IPOS (%): (0.02+0.03)/2=0.03  
Average Relative Losses of Multi-Section Cables: (870+805)/2=838 
 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 3 2.5 1.3 1 0.13 0.18 0 0 
 
Average THD of Vo (%): (0.01+0.02)/2=0.02  
Average Relative Losses on 100km Cables: (0.36+0.41)/2=0.39 













Appendix XVI-2: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Steady State of Double branch Systems with Identical Three Phase IPOS 
Converter Structure When the Wind Direction is Perpendicular to the Turbine Array Under 
Steady Free Stream 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.13 0.12 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.14 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc4 0.04 0.05 0.01 0.02 0.01 0.01 0 0 
Vdc5 0.04 0.05 0.02 0.02 0.01 0.01 0 0 
Vdc6 0.06 0.06 0.02 0.02 0.01 0.01 0 0 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 3.4 14 0.59 2.3 0.26 0.63 0.07 0.2 
I2 4.6 15 0.57 2.5 0.21 0.66 0.05 0.28 
I3 14 16 1.9 1.4 0.57 0.43 0.17 0.24 
Idc4 1.1 5.8 0.37 1.4 0.19 0.36 0.02 0.09 
I4 2.4 7.5 0.47 1.7 0.26 0.61 0.07 0.33 
I5 6.8 7.4 1.1 1.7 0.38 0.76 0.26 0.48 
 
Harmonic 
Percentage    
(%) V/I         
285 
 
Average THD of Vdc1 (%): (0.13+0.13)/2 =0.13 
Average THD of Vdc2 (%): (0.14+0.14)/2 = 0.14 
Average THD of Vdc3 (%): (0.14+0.17)/2 =0.16 
Average THD of Vdc4 (%): (0.05+0.06)/2 =0.06 
Average THD of Vdc5 (%): (0.05+0.06)/2 =0.06 
Average THD of Vdc6 (%): (0.07+0.07)/2 =0.07 
Average THD of  Vin_IPOS (%): (0.02+0.02)/2=0.02 
Average Relative Losses of Multi-Section Cables: (272+720)/2=496 
 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 2.6 2.6 0.82 0.87 0.11 0.1 0 0 
 
Average THD of Vo (%): (0.01+0.01)/2=0.01 
Average Relative Losses on 100km Cables: (0.28+0.33)/2=0.31 




Percentage    
(%) V/I         
286 
 
Appendix XVI-3: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Steady State of Double branch Systems with Identical Three Phase IPOS 
Converter Structure When the Wind Direction Has an Acute Angle with the Turbine Array 
Under Steady Free Stream 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.13 0.12 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.14 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc4 0.09 0.1 0.02 0.02 0.01 0.01 0 0 
Vdc5 0.2 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc6 0.11 0.08 0.02 0.02 0.01 0.01 0 0 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 3.3 14 0.53 2.5 0.19 0.84 0.08 0.27 
I2 4.9 14 0.75 2.5 0.37 0.82 0.08 0.36 
I3 13 16 1.6 1.4 0.38 0.64 0.15 0.48 
Idc4 27 27 2.5 1.7 0.99 0.82 0.71 0.5 
I4 26 18 2 3.3 0.62 1.1 0.52 0.46 
I5 11 10 0.58 2.3 0.48 0.87 0.24 0.75 
 
Harmonic 
Percentage    
(%) V/I         
287 
 
Average THD of Vdc1 (%): (0.14+0.13)/2 =0.14 
Average THD of Vdc2 (%): (0.14+0.15)/2 =0.15  
Average THD of Vdc3 (%): (0.14+0.17)/2 =0.16 
Average THD of Vdc4 (%): (0.1+0.11)/2 =0.11 
Average THD of Vdc5 (%): (0.21+0.2)/2 =0.21 
Average THD of Vdc6 (%): (0.12+0.1)/2 =0.11 
Average THD of  Vin_IPOS (%): (0.02+0.03)/2= 0.03 
Average Relative Losses of Multi-Section Cables: (1776+1848)/2=1812 
 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 2.6 3.7 1.1 1.2 0.22 0.34 0 0.2 
 
Average THD of Vo (%): (0.01+0.02)/2= 0.02 
Average Relative Losses on 100km Cables: (0.3+0.42)/2=0.36 










Appendix XVI-4: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Steady State of Double branch Systems with Identical Three Phase IPOS 
Converter Structure When the Wind Farm is in Circular Structure Under Steady Free Stream 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.13 0.12 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.14 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc4 0.13 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc5 0.13 0.15 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc6 0.13 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 3 14 0.55 2.4 0.3 0.86 0.15 0.32 
I2 5.3 14 0.89 2.3 0.45 0.71 0.36 0.29 
I3 13 16 1.7 1.3 0.62 0.37 0.32 0.19 
Idc4 3.3 17 0.59 2.6 0.22 0.8 0.09 0.24 
I4 2.4 15 0.35 2.5 0.13 0.75 0.04 0.29 
I5 0.59 0.95 0.18 0.56 0.16 0.21 0.03 0.07 
 
Average THD of Vdc1 (%): (0.14+0.13)/2 =0.14 
Harmonic 
Percentage    
(%) V/I         
289 
 
Average THD of Vdc2 (%): (0.14+0.15)/2 = 0.15 
Average THD of Vdc3 (%): (0.14+0.17)/2 =0.16 
Average THD of Vdc4 (%): (0.14+0.15)/2 =0.15 
Average THD of Vdc5 (%): (0.14+0.16)/2 =0.15 
Average THD of Vdc6 (%): (0.14+0.15)/2 =0.15 
Average THD of Vin_IPOS (%): (0.03+0.03)/2=0.03  
Average Relative Losses of Multi-Section Cables: (275+1128)/2=702 
 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 3.2 3.6 0.48 0.81 0.02 0.18 0 0.1 
 
Average THD of Vo (%): (0.01+0.02)/2=0.02 
Average Relative Losses on 100km Cables: (0.29+0.31)/2=0.3 














Appendix XVII Definition and Calculation 
Method of Relative AC Losses 
This PhD research is concentrated on the study of the AC losses on the submarine cables of 
the offshore wind farm based multi-terminal DC link under different situations. If all the 
calculations are based on the real losses, tedious fraction numbers can be involved 
throughout the thesis. Inspired by the definition of the per unit, a new concept, which is 
called the Relative Losses, is carved out to sweep aside tedious fractions and has 
conspicuous advantages.  
A previous student in the University of Edinburgh did a detailed and comprehensive study 
of the losses on DC cables in the similar multi-terminal DC system [124]. Taking his 
research results as the reference and have some reasonable approximations, Figure XVII-1 
can be concluded to show the AC Losses on the ± 25 kV cable in Table 4.7.1. 
 
Figure XVII-1 Cable Losses at a Range of Frequencies with AC Current Magnitude of 1A 
at Each Frequency [124] 
The DC losses on the cable can also be studied based on the figure; however, very few 
previous studies are focusing on the cable AC losses, while people always have a more 
immediate understanding of the DC losses. So in this research, all the losses study are 
concentrated on the AC losses of the submarine cables in the system. In another hand, from 
Figure XVII-1, it can be identified that the DC losses are much lower than the AC losses 
caused by AC ripples, and sometimes can be swept aside. 
291 
 
According to Figure XVII-1, if the loss on the cable caused by 4 kHz harmonic is set to be 
1, the AC losses caused by ripples with different frequencies but same magnitude can be 
identified in equation (XVII-1). 




 × 0.2  𝑓 ≥ 1.5
0.06 + 0.815 ×
𝑓
1.5
  0 ≤ 𝑓 < 1.5
                      (𝑋𝑉𝐼𝐼 − 1) 
In equation (XVII-1), RL means the Relative Losses, f is the frequency of the ripple having 
units (kHz). By applying the concept of the Relative Losses in the thesis, during the 
calculation, the real losses do not need to be taking into consideration, as well as the cable 
length. For example, if the total AC losses on three different cables are needed to be obtained, 
the Relative Losses on each of them can be calculated first and added up, before the 
multiplication with the correction number to acquire the final value. 
Taking Table XVII-1 as an example, the calculation procedure of the Relative AC Losses 
will be shown as below. In Table XVII-1, the peak value of the harmonics at dominate 
frequencies are represented as the percentage value relative to the specific base. If defining 
the losses caused by the 4 kHz ripple with 1% peak value of the base is 1, the Relative Losses 
caused by ripples of Idc1 at these four dominate frequencies when 5 MW SAB converters  
have no phase shift between each other can be calculated as: 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐿𝑜𝑠𝑠𝑒𝑠 𝐶𝑎𝑢𝑠𝑒𝑑 𝑏𝑦 𝐷𝑜𝑚𝑖𝑛𝑎𝑡𝑒 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑖𝑒𝑠         
= 100.92 + 32.52 × 1.2 + 0.252 × 1.4 + 0.482 × 1.6 
Relative AC Losses happened at any frequencies can be calculated with the same method as 
shown above and added up to identify the Total Relative Losses under the specific definition. 
One thing need to be mentioned here is in this study, ripples with frequencies higher than 
21 kHz are fall on deaf ears as their magnitudes are much smaller than that of the ripples on 
dominate frequencies, so sweeping them aside is a reasonable approximation. When the real 
AC losses need to be obtained, based on the particular situation, by the multiplication with 
the corresponding correction parameters, which can be acquired from the length and 
characteristics of the cable, real AC losses caused by ripples with 1 A amplitude in Figure 
XVII-1, etc., the real AC losses can be derived easily. The transformation between the 






Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.3 m/s  Power =3.2 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 Degree Phase Shift 
Frequency 
         Harmonic 
V/I      Percentage  
of Base Value  
    (%) 
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 4.14 0.44 0.22 1.06 0.17 0.16 0.1 
0.11 
Vdc2 2.96 1.14 0.76 0.97 0.15 0.14 0.1 
0.14 
Vdc3 1.26 1.49 0.54 1.31 0.21 0.22 0.1 
0.13 
Vin_IPOS 0.05 0.03 0.04 0.03 0.03 0.01 0.03 
0.02 
Idc1 100.9 114.6 32.5 82.9 0.25 1.6 0.48 
4.7 
I2 147.7 62.4 9.1 78.5 3.9 4.09 1.1 
5.35 
I3 109.6 127.7 24.6 54.9 6.04 6.29 1.36 
2.06 
Table XVII-1 Percentage of Harmonic Wave Relative to the Base Value at the Dominant 














Appendix XVIII THD of Cable Terminal 
Voltages and Total Relative AC Losses on the 
Multi-Section Cables with Three Different 
Unidirectional IPOS Converter Structures 
Under Different Filter Capacitor Conditions  
IPOS Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc1: Average THD Value of Vdc1 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400  
0.4 15.9 44 69 70 
4 1.9 2 2 2 
40 0.19 0.16 0.17 0.16 
400 0.03 0.02 0.02 0.01 










IPOS Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc2: Average THD Value of Vdc2 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 9.7 23 34 35 
4 1.9 1.9 2 2 
40 0.2 0.18 0.18 0.18 
400 0.02 0.02 0.02 0.01 
Table XVIII-2 THD of Vdc2 with SAB+Three Phase IPOS Converter 
Table XVIII-3 THD of Vdc3 with SAB+Three Phase IPOS Converter 
IPOS Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc3: Average THD Value of Vdc3 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 14.6 52 82 83 
4 1.6 1.6 1.6 1.6 
40 0.2 0.18 0.19 0.19 















IPOS Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVin_IPOS: Average THD Value of Vin_IPOS in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 10.3 1.8 0.28 0.04 
4 0.3 0.17 0.06 0.02 
40 0.4 0.15 0.05 0.02 
400 0.38 0.14 0.05 0.01 










IPOS Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter  
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
TRL-MS : Total Relative AC Losses on Multi-Section Cables Cased by the harmonics of 
Idc1, Idc2 and Idc3 in Figure 5.1, Based on Appendix XX-1 to Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 636764 5851468 14344364 14541728 
4 66977 68729 70194 70301 
40 1515 1428 1986 1630 
400 619 172 123 44 




















IPOS Converter Type: Balanced (Identical Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc1: Average THD Value of Vdc1 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 14 14 15 15 
4 1.8 1.8 1.8 1.8 
40 0.14 0.14 0.14 0.14 
400 0.01 0.01 0.01 0.01 

















IPOS Converter Type: Balanced (Identical Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc2: Average THD Value of Vdc2 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 8.1 16 9.1 9.1 
4 1.6 1.6 1.6 1.6 
40 0.15 0.15 0.16 0.15 
400 0.01 0.01 0.01 0.01 

















IPOS Converter Type: Balanced (Identical Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc3: Average THD Value of Vdc3 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 11 13 15 15 
4 1.2 1.2 1.2 1.2 
40 0.17 0.17 0.17 0.17 
400 0.01 0.01 0.01 0.01 

















IPOS Converter Type: Balanced (Identical Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVin_IPOS: Average THD Value of Vin_IPOS in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 3.9 0.56 0.07 0.01 
4 0.03 0.04 0.02 0 
40 0.03 0.03 0.02 0 
400 0.02 0.02 0.01 0 

















IPOS Converter Type: Balanced (Identical Three Phase) IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
TRL-MS : Total Relative AC Losses on Multi-Section Cables Cased by the harmonics 
of Idc1, Idc2 and Idc3 in Figure 5.1, Based on Appendix XX-1 to Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 417511 520026 635846 641421 
4 46084 46102 46162 46244 
40 906 910 910 896 
400 6.7 7 7 6.4 
Table XVIII-10 Total Relative AC Losses on Multi-Section Cables with Identical Three 


















IPOS Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc1: Average THD Value of Vdc1 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 14 13 15 15 
4 3.8 1.8 1.9 1.8 
40 0.16 0.23 0.21 0.14 
400 0.01 0.03 0.04 0.03 

















IPOS Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc2: Average THD Value of Vdc2 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 9.6 7.8 9.1 9.1 
4 1.4 1.7 1.6 1.6 
40 0.17 0.22 0.2 0.16 
400 0.01 0.03 0.04 0.02 









IPOS Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVdc3: Average THD Value of Vdc3 in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 8.4 13 15 15 
4 3.6 0.92 1.2 1.2 
40 0.31 0.26 0.2 0.18 
400 0.25 0.07 0.05 0.02 

















IPOS Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
THDVin_IPOS: Average THD Value of Vin_IPOS in Figure 5.1, Based on Appendix XX-1 to 
Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 12 1.3 0.25 0.03 
4 8.5 0.7 0.2 0.04 
40 6.6 0.87 0.11 0.04 
400 6.6 0.45 0.1 0.03 

















IPOS Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
IC: 15 MW IPOS Converter Input Capacitor Value 
OC: 5 MW SAB Output Capacitor Value 
TRL-MS : Total Relative AC Losses on Multi-Section Cables Cased by the harmonics 
of Idc1, Idc2 and Idc3 in Figure 5.1, Based on Appendix XX-1 to Appendix XX-48 
IC (μF) 
               
0.4 4 40 400 
0.4 443638 515836 635990 640650 
4 335525 45846 47799 46418 
40 56963 4533 2177 929 
400 54465 2785 972 105 



















Appendix XIX Possible Wind Conditions 
Received by Each Wind Turbine Under 
Different Natural Wind Situations 
Before the study of the double branch system with circular wind farm structure under natural 




Figure XIX-1 Schematic Diagram of Wind Direction in Case 1 
The natural wind direction in case 1 is perpendicular to the connecting line of two adjacent 
wind turbines linked on the same branch, and all black dots in figure represent the wind 




   𝑋1 ≈ 0.35 𝑘𝑚 












Figure XIX-2 Schematic Diagram of wind Direction in Case 2 
The natural wind direction in case 2 is perpendicular to the tangent line, which pass through 





   𝑋2 ≈ 0.185 𝑘𝑚 
If there are ten wind turbines connected with each branch 
From section 4.1.2, the average speed of the combination of gust, ramp and fundamental 
wind is about 18 m/s, while the period of that blustery is always less than 10 seconds [113]. 
The distance which the blustery can drift is about 18*10=180 m. Both the value of X1 and 
X2 is longer than 180 m, which means the maximum number of turbines that can be 
influenced by a sudden blustery on one branch of the system is 2. Using the discussion above, 
four different situations can be put into simulation: 
a. In Figure 5.2, turbine 1 and turbine 2 are affected by the blustery simultaneously, while 
all other turbines are working under steady free stream 
b. In Figure 5.2, turbine 4 and turbine 5 are affected by the blustery simultaneously, turbine 
1 is receiving the blustery with seconds delay, while all other turbines are working under 
steady free stream 
c. In Figure 5.2, turbine 2, turbine 3, turbine 4 and turbine 5 are influenced by asynchronous 








d. In Figure 5.2, turbine 1 is affected by the blustery which goes above the cut-out speed, 




























Appendix XX Percentage of Harmonic Wave 
Relative to the Base Value at Dominate 
Frequency and the THD of Cable Terminal 
Voltages and the Total Relative AC Losses on 
the Multi-Section Cables with Three Different 
Unidirectional IPOS Converter Structures 
Appendix XX-1: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=0.4 μF and IC=0.4 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
15 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 6.9 2.5 12 2.2 1.1 2 6.5 15 
Vdc2 6.6 2 8.4 1.5 0.71 1.2 2.5 7.5 
Vdc3 6.6 0.85 2.2 1.6 1.2 0.16 6.8 19 
Vin_IPOS 7.8 0.7 4.8 0.72 1.7 0.3 0.57 1.1 
Idc1 112 121 181 68 48 33 363 582 
I2 218 136 324 48 52 40 195 332 
I3 300 37 334 99 28 16 295 482 
 
Average THD of Vdc1 (%): (16+16)/2 =16 
Average THD of Vdc2 (%): (11+8.1)/2 =9.6  
Average THD of Vdc3 (%): (10+19)/2 =15 
Harmonic 
Percentage    
(%) V/I         
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Average THD of  Vin_IPOS (%): (9.4+1.7)/2=5.6  
Average Relative Losses of Multi-Section Cables: (476633+796895)/2=636764 
 
 
Appendix XX-2: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=0.4 μF and IC=0.4 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 
    Harmonic 
Percentage 
 (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 7.3 2.7 11 1.4 1.3 1.9 7.1 11 
Vdc2 6.2 1.8 7.7 1.7 0.9 1.2 2.7 5.1 
Vdc3 4.9 0.3 2.4 1.6 1.1 0.3 7.3 13 
Vin_IPOS 6.1 0.1 4 0.1 1.8 0.1 0.3 0.1 
Idc1 48 124 61 38 29 27 66 403 
I2 287 135 285 26 36 34 145 245 
I3 396 41 291 76 35 15 205 328 
 
Average THD of Vdc1 (%): (15+12)/2=14 
Average THD of Vdc2 (%): (10.3+5.8)/2=8.1 
Average THD of Vdc3 (%): (9.1+13.8)/2=11. 
Average THD of  Vin_IPOS (%):(7.5+0.2)/2=3.9 
Average Relative Losses of Multi-Section Cables: (422742+412279)/2 =417511 
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Appendix XX-3: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=0.4 μF and IC=0.4 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 8.9 3.6 14 10 4.1 2.4 3 3.7 
Vdc2 9.4 2.8 8 5.2 1.5 0.9 1.7 2.6 
Vdc3 10 1.3 1.7 1.3 2.4 3.2 3.1 4.3 
Vin_IPOS 11 1 12 6.5 4.1 3.9 1.3 1.6 
Idc1 68 126 270 215 85 86 133 175 
I2 121 139 467 330 118 96 55 65 
I3 178 50 471 290 64 38 125 163 
 
Average THD of Vdc1 (%): (17+11)/2=14 
Average THD of Vdc2 (%): (13+6.6)/2=9.6 
Average THD of Vdc3 (%): (11+5.7)/2=8.4 
Average THD of  Vin_IPOS (%):(16+7.7)/2=12 







Appendix XX-4: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=4 μF and IC=0.4 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
15 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.3 0.78 0.4 0.99 0.1 0.11 0.1 0.07 
Vdc2 1.4 1.1 0.1 2 0.1 0.1 0.1 0.08 
Vdc3 0.5 1.8 0.7 1.5 0.1 0.13 0.1 0.07 
Vin_IPOS 0.2 0.03 0.2 0.06 0.2 0.03 0.2 0.02 
Idc1 96 177 56 194 1.4 4.9 0.8 4.5 
I2 106 101 77 229 3.7 5.4 1 4.5 
I3 32 165 55 98 11 5.5 4.7 2.5 
 
Average THD of Vdc1 (%): (2.4+1.3)/2=1.9 
Average THD of Vdc2 (%): (1.5+2.3)/2=1.9 
Average THD of Vdc3 (%): (0.8+2.4)/2=1.6 
Average THD of  Vin_IPOS (%):(0.4+0.1)/2=0.3 
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Appendix XX-5: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=4 μF and IC=0.4 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.4 0.66 0.27 0.81 0.1 0.1 0.06 0.06 
Vdc2 1.4 1.08 0.24 1.14 0.1 0.09 0.06 0.08 
Vdc3 0.41 1.71 0.41 0.51 0.12 0.13 0.06 0.07 
Vin_IPOS 0.01 0.02 0 0.01 0.01 0.01 0.01 0.01 
Idc1 99 162 18 96 2 2.3 0.95 3.3 
I2 109 104 23 82 2.5 4 1 4 
I3 44 160 22 28 4 4.9 1.5 2 
 
Average THD of Vdc1 (%): (2.5+1.1)/2=1.8 
Average THD of Vdc2 (%): (1.5+1.6)/2=1.6 
Average THD of Vdc3 (%): (0.6+1.8)/2=1.2 
Average THD of  Vin_IPOS (%):(0.03+0.03)/2=0.03 
Average Relative Losses of Multi-Section Cables: (21198+70969)/2 =46084 
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Appendix XX-6: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter with 
OC=4 μF and IC=0.4 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 1.9 5.4 0.18 0.35 0.09 0.07 0.06 0.07 
Vdc2 1.3 1.2 0.41 0.34 0.29 0.24 0.06 0.08 
Vdc3 1.2 5.3 0.14 0.55 1.2 1.2 0.07 0.08 
Vin_IPOS 1.5 6 0.43 1.6 7.4 7.1 0.04 0.16 
Idc1 104 428 25 41 9 7 1 3.9 
I2 120 593 29 33 52 49 1 3.9 
I3 45 100 41 111 293 277 4 6.2 
 
Average THD of Vdc1 (%): (2+5.5)/2=3.8 
Average THD of Vdc2 (%): (1.4+1.3)/2=1.4 
Average THD of Vdc3 (%): (1.7+5.5)/2=3.6 
Average THD of  Vin_IPOS (%):(7.5+9.4)/2=8.5 






Appendix XX-7: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=0.4 μF and IC=4 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
15 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 10 2.9 7.7 1.8 1.3 1.8 1.5 24 
Vdc2 8.1 1.9 5.9 1.2 0.77 0.91 0.38 12 
Vdc3 4.5 0.45 2.8 1.2 0.51 0.05 1.5 29 
Vin_IPOS 0.81 0.3 0.79 0.49 0.17 0.09 0.24 0.76 
Idc1 225 231 150 180 126 194 3088 3709 
I2 370 240 199 116 71 151 1668 2068 
I3 515 205 247 214 116 143 2431 2967 
 
Average THD of Vdc1 (%): (48+40)/2=44 
Average THD of Vdc2 (%): (25+20)/2=23 
Average THD of Vdc3 (%): (55+48)/2=52 
Average THD of  Vin_IPOS (%):(2+1.6)/2=1.8 
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Appendix XX-8: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=0.4 μF and IC=4 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
IPOS Converter Input Capacitor Value: 4 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 10 2.6 7.1 1.4 1.5 1.8 11 9.6 
Vdc2 8.4 1.7 5.5 1.6 0.93 1.1 5 4.4 
Vdc3 4.7 0.28 2.8 1.5 0.9 0.27 12 12 
Vin_IPOS 0.6 0.02 0.37 0.06 0.3 0.02 0.1 0.32 
Idc1 173 124 79 38 45 26 401 346 
I2 336 138 129 29 24 31 215 215 
I3 473 42 146 76 43 14 300 284 
 
Average THD of Vdc1 (%): (17+10)/2=14 
Average THD of Vdc2 (%): (11+5.2)/2=16 
Average THD of Vdc3 (%): (14+12)/2=13 
Average THD of  Vin_IPOS (%):(0.79+0.33)/2=0.56 
Average Relative Losses of Multi-Section Cables: (712866+327185)/2 =520026 
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Appendix XX-9: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=0.4 μF and IC=4 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
IPOS Converter Input Capacitor Value: 4 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 7.9 2.7 7.3 1.6 1.4 1.6 10 11 
Vdc2 6.1 1.6 5.7 1.8 0.92 1.1 4.5 5.2 
Vdc3 2.8 0.2 2.8 1.5 0.83 0.46 11 14 
Vin_IPOS 1.9 0.08 0.31 0.16 0.35 0.32 0.28 0.33 
Idc1 158 126 80 43 39 22 387 425 
I2 310 142 141 32 23 25 208 253 
I3 434 42 162 89 38 12 295 353 
 
 
Average THD of Vdc1 (%): (15+11)/2=13 
Average THD of Vdc2 (%): (9.6+6)/2=7.8 
Average THD of Vdc3 (%): (12+14)/2=13 
Average THD of  Vin_IPOS (%):(1.9+0.66)/2=1.3 






Appendix XX-10: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=4 μF and IC=4 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
15 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.5 0.76 0.36 0.99 0.11 0.11 0.06 0.07 
Vdc2 1.5 1.1 0.03 2 0.1 0.1 0.06 0.08 
Vdc3 0.31 1.8 0.61 1.5 0.12 0.13 0.06 0.07 
Vin_IPOS 0.07 0 0.03 0.05 0.02 0.01 0.02 0.03 
Idc1 104 174 54 176 2.4 3.4 1.2 3.5 
I2 112 102 76 210 3.4 4.9 1.4 4.3 
I3 35 164 50 91 5.3 5.3 1.9 2.1 
 
Average THD of Vdc1 (%): (2.6+1.3)/2=2 
Average THD of Vdc2 (%): (1.5+2.3)/2=1.9 
Average THD of Vdc3 (%): (0.74+2.4)/2=1.6 
Average THD of  Vin_IPOS (%):(0.15+0.18)/2=0.17 
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Appendix XX-11: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=4 μF and IC=4 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
IPOS Converter Input Capacitor Value: 4 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.5 0.66 0.27 0.81 0.1 0.1 0.06 0.06 
Vdc2 1.5 1.1 0.24 1.1 0.1 0.09 0.06 0.08 
Vdc3 0.41 1.7 0.41 0.51 0.12 0.13 0.06 0.07 
Vin_IPOS 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 101 163 19 96 2.3 2.1 1.1 3.2 
I2 108 104 22 82 2.5 4.1 1 4.1 
I3 46 161 22 28 3.9 5 1.3 2.1 
 
Average THD of Vdc1 (%): (2.5+1.1)/2=1.8 
Average THD of Vdc2 (%): (1.5+1.6)/2=1.6 
Average THD of Vdc3 (%): (0.6+1.8)/2=1.2 
Average THD of  Vin_IPOS (%):(0.04+0.04)/2=0.04 
Average Relative Losses of Multi-Section Cables: (21171+71032)/2 =46102 
  
V/I         
321 
 
Appendix XX-12: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=4 μF and IC=4 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
IPOS Converter Input Capacitor Value: 4 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.7 0.28 0.27 0.82 0.1 0.1 0.06 0.06 
Vdc2 1.5 1.2 0.26 1.2 0.11 0.1 0.06 0.08 
Vdc3 0.27 1.1 0.44 0.56 0.07 0.09 0.07 0.07 
Vin_IPOS 0.23 0.81 0.06 0.07 0.33 0.33 0 0 
Idc1 115 123 18 97 2 2 0.93 3.3 
I2 130 72 24 86 3.3 4.4 1.1 3.9 
I3 57 179 27 35 9 10 1.5 2.1 
 
Average THD of Vdc1 (%): (2.7+0.95)/2=1.8 
Average THD of Vdc2 (%): (1.6+1.7)/2=1.7 
Average THD of Vdc3 (%): (0.64+1.2)/2=0.92 
Average THD of  Vin_IPOS (%):(0.52+0.88)/2=0.7 







Appendix XX-13: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=40 μF and IC=0.4 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
15 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.16 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.2 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.13 0.19 0.03 0.02 0.01 0.01 0.01 0.01 
Vin_IPOS 0.19 0.23 0.17 0.2 0.16 0.18 0.14 0.16 
Idc1 1.3 30 0.38 2.6 0.22 0.32 0.02 0.47 
I2 2.5 32 0.39 2.5 0.07 0.39 0.01 0.51 
I3 15 36 11 11 7 8 4.8 6 
 
Average THD of Vdc1 (%): (0.17+0.2)/2=0.19 
Average THD of Vdc2 (%): (0.17+0.23)/2=0.2 
Average THD of Vdc3 (%): (0.17+0.22)/2=0.2 
Average THD of  Vin_IPOS (%):(0.37+0.43)/2=0.4 
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Appendix XX-14: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=40 μF and IC=0.4 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 1.7 23 0.29 2.5 0.07 0.08 0.01 0.26 
I2 3.3 30 0.3 2.3 0.03 0.15 0.01 0.24 
I3 14 19 1.8 1.3 0.52 0.59 0.08 0.31 
 
 
Average THD of Vdc1 (%): (0.14+0.13)/2=0.14 
Average THD of Vdc2 (%): (0.13+0.17)/2=0.15 
Average THD of Vdc3 (%): (0.14+0.19)/2=0.17 
Average THD of  Vin_IPOS (%):(0.03+0.02)/2=0.03 
Average Relative Losses of Multi-Section Cables: (184+1627)/2 =906 
Average THD of Vo (%): (0.01+0.01)/2=0.01 
Average Relative Losses on 100km Cables: (0.488+0.414)/2=0.452 
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Appendix XX-15: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=40 μF and IC=0.4 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.17 0.02 0.03 0 0 0.01 0.01 
Vdc3 0.11 0.17 0.03 0.06 0.26 0.26 0.01 0 
Vin_IPOS 0.25 0.13 0.54 0.57 6.6 6.55 0.04 0.05 
Idc1 2.9 24 0.87 3.3 0.79 0.97 0.32 0.72 
I2 6.2 33 3.5 6.4 10 10 0.58 1 
I3 27 29 54 65 245 243 2.7 3.2 
 
Average THD of Vdc1 (%): (0.16+0.15)/2=0.16 
Average THD of Vdc2 (%): (0.15+0.18)/2=0.17 
Average THD of Vdc3 (%): (0.3+0.32)/2=0.31 
Average THD of  Vin_IPOS (%):(6.6+6.6)/2=6.6 






Appendix XX-16: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=0.4 μF and IC=40 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
15 MW IPOS Converter Input Capacitor Value: 40 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 11 2.7 7 2 1.5 2.1 76 61 
Vdc2 9 1.5 5.6 2.1 0.83 1 37 29 
Vdc3 5.1 0.38 3.2 1.8 1.5 0.4 91 73 
Vin_IPOS 0.13 0.04 0.1 0.05 0.01 0.01 0.25 0.2 
Idc1 181 131 62 47 42 44 2451 2065 
I2 354 129 118 24 37 43 1356 1170 
I3 481 59 158 96 47 22 1899 1625 
 
Average THD of Vdc1 (%): (77+61)/2=69 
Average THD of Vdc2 (%): (38+29)/2=34 
Average THD of Vdc3 (%): (91+73)/2=82 
Average THD of  Vin_IPOS (%):(0.32+0.23)/2=0.28 
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Appendix XX-17: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=0.4 μF and IC=40 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
IPOS Converter Input Capacitor Value: 40 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 11 2.6 6.7 1.5 1.6 1.9 12 12 
Vdc2 8.8 1.7 5.2 1.7 0.9 1.1 5.7 5.5 
Vdc3 5.1 0.25 2.8 1.5 1.2 0.24 14 15 
Vin_IPOS 0.06 0.01 0.05 0.01 0.02 0.01 0.04 0.05 
Idc1 173 124 70 36 53 26 446 420 
I2 336 136 116 30 30 30 239 253 
I3 473 39 137 80 44 13 336 342 
 
 
Average THD of Vdc1 (%): (18+12)/2=15 
Average THD of Vdc2 (%): (12+6.2)/2=9.1 
Average THD of Vdc3 (%): (15+15)/2=15 
Average THD of  Vin_IPOS (%):(0.09+0.05)/2=0.07 
Average Relative Losses of Multi-Section Cables: (802238+469454)/2 =635846 
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Appendix XX-18: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=0.4 μF and IC=40 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
IPOS Converter Input Capacitor Value: 40 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 11 2.6 6.7 1.5 1.6 1.8 12 12 
Vdc2 8.7 1.7 5.3 1.7 0.9 1.1 5.7 5.5 
Vdc3 5 0.26 2.8 1.5 1.2 0.26 14 15 
Vin_IPOS 0.19 0.01 0.03 0.02 0.04 0.03 0.03 0.03 
Idc1 173 127 73 38 55 28 470 445 
I2 339 140 119 31 31 32 251 270 
I3 478 40 141 84 44 15 353 364 
 
Average THD of Vdc1 (%): (18+12)/2=15 
Average THD of Vdc2 (%): (12+6.2)/2=9.1 
Average THD of Vdc3 (%): (15+15)/2=15 
Average THD of  Vin_IPOS (%):(0.3+0.19)/2=0.25 







Appendix XX-19: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency of SAB+Three Phase IPOS Converter when OC=4 μF and IC=40 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
15 MW IPOS Converter Input Capacitor Value: 40 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.5 0.75 0.36 1 0.11 0.11 0.06 0.07 
Vdc2 1.5 1.1 0.05 2 0.1 0.1 0.06 0.08 
Vdc3 0.3 1.8 0.61 1.6 0.12 0.12 0.06 0.07 
Vin_IPOS 0.03 0 0.03 0.03 0 0.01 0 0 
Idc1 107 176 63 187 2.6 5 1.8 4.4 
I2 113 100 86 222 3.3 5.5 1.6 4.8 
I3 36 165 53 100 5.1 4.8 2.1 2.3 
 
Average THD of Vdc1 (%): (2.6+1.4)/2=2 
Average THD of Vdc2 (%): (1.5+2.4)/2=2 
Average THD of Vdc3 (%): (0.73+2.4)/2=1.6 
Average THD of  Vin_IPOS (%):(0.06+0.05)/2=0.06 
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Appendix XX-20: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=4 μF and IC=40 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
IPOS Converter Input Capacitor Value: 40 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.5 0.66 0.27 0.81 0.1 0.1 0.06 0.06 
Vdc2 1.5 1.1 0.24 1.1 0.1 0.09 0.06 0.08 
Vdc3 0.41 1.7 0.42 0.51 0.12 0.12 0.07 0.07 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0 0 
Idc1 99 163 18 95 2 2 1 3.2 
I2 108 104 22 82 2.5 4 1.1 4.1 
I3 46 160 22 28 4.1 4.7 1.7 2.1 
 
 
Average THD of Vdc1 (%): (2.5+1.1)/2=1.8 
Average THD of Vdc2 (%): (1.5+1.6)/2=1.6 
Average THD of Vdc3 (%): (0.61+1.8)/2=1.2 
Average THD of  Vin_IPOS (%):(0.02+0.02)/2=0.02 
Average Relative Losses of Multi-Section Cables: (21166+71158)/2 =46162 
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Appendix XX-21: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=4 μF and IC=40 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
IPOS Converter Input Capacitor Value: 40 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.5 0.62 0.27 0.81 0.1 0.11 0.06 0.06 
Vdc2 1.5 1.1 0.24 1.2 0.1 0.09 0.06 0.08 
Vdc3 0.41 1.7 0.41 0.52 0.11 0.12 0.06 0.07 
Vin_IPOS 0.02 0.07 0 0.01 0.03 0.03 0 0 
Idc1 101 162 18 98 2 2 0.91 3.3 
I2 112 101 22 84 2.6 3.9 1.1 4.1 
I3 47 164 23 28 3 3.9 1.8 2.2 
 
Average THD of Vdc1 (%): (2.6+1.2)/2=1.9 
Average THD of Vdc2 (%): (1.6+1.6)/2=1.6 
Average THD of Vdc3 (%): (0.64+1.8)/2=1.2 
Average THD of  Vin_IPOS (%):(0.16+0.23)/2=0.2 






Appendix XX-22: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=40 μF and IC=4 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
15 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.16 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.2 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.2 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.07 0.08 0.03 0.03 0.01 0.01 0.02 0.02 
Idc1 2 31 0.81 2.9 0.54 0.4 0.32 0.54 
I2 2.8 34 0.78 2.7 0.44 0.35 0.32 0.51 
I3 12 26 3.6 2 1.2 1.2 1.1 1.1 
 
Average THD of Vdc1 (%): (0.14+0.17)/2=0.16 
Average THD of Vdc2 (%): (0.14+0.21)/2=0.18 
Average THD of Vdc3 (%): (0.15+0.21)/2=0.18 
Average THD of  Vin_IPOS (%):(0.14+0.15)/2=0.15 
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Appendix XX-23: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=40 μF and IC=4 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
IPOS Converter Input Capacitor Value: 4 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 1.9 23 0.28 2.6 0.08 0.08 0.01 0.24 
I2 3.9 31 0.34 2.3 0.11 0.08 0.01 0.25 
I3 14 19 1.8 1.3 0.56 0.6 0.16 0.37 
 
 
Average THD of Vdc1 (%): (0.14+0.14)/2=0.14 
Average THD of Vdc2 (%): (0.13+0.17)/2=0.15 
Average THD of Vdc3 (%): (0.14+0.19)/2=0.17 
Average THD of  Vin_IPOS (%):(0.03+0.02)/2=0.03 
Average Relative Losses of Multi-Section Cables: (187+1633)/2 =910 
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Appendix XX-24: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=40 μF and IC=4 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
IPOS Converter Input Capacitor Value: 4 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.14 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.16 0.2 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.19 0.07 0.01 0.01 0.34 0.34 0 0 
Idc1 3.8 24 1.1 2.6 0.67 0.08 0.67 0.25 
I2 12 33 1.1 2.4 1 0.59 0.46 0.29 
I3 49 37 2.9 2.2 11 11 0.52 0.68 
 
Average THD of Vdc1 (%): (0.23+0.23)/2=0.23 
Average THD of Vdc2 (%): (0.21+0.23)/2=0.22 
Average THD of Vdc3 (%): (0.24+0.27)/2=0.26 
Average THD of  Vin_IPOS (%):(0.45+0.42)/2=0.87 






Appendix XX-25: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=40 μF and IC=40 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
15 MW IPOS Converter Input Capacitor Value: 40 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.16 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.2 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.15 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.03 0.04 0.03 0.03 0 0 0 0 
Idc1 1.4 32 0.37 3.4 0.3 0.85 0.09 0.87 
I2 3.2 34 0.53 3 0.35 0.54 0.34 0.59 
I3 12 24 2.5 2.6 0.3 1.3 0.17 0.93 
 
Average THD of Vdc1 (%): (0.14+0.19)/2=0.17 
Average THD of Vdc2 (%): (0.14+0.21)/2=0.18 
Average THD of Vdc3 (%): (0.16+0.22)/2=0.19 
Average THD of  Vin_IPOS (%):(0.05+0.05)/2=0.05 
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Appendix XX-26: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=40 μF and IC=40 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
IPOS Converter Input Capacitor Value: 40 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0 0 
Idc1 1.1 23 0.08 2.6 0.02 0.11 0.02 0.23 
I2 3.7 31 0.33 2.3 0.12 0.06 0.02 0.26 
I3 14 19 1.9 1.3 0.49 0.7 0.19 0.22 
 
 
Average THD of Vdc1 (%): (0.14+0.14)/2=0.14 
Average THD of Vdc2 (%): (0.14+0.17)/2=0.16 
Average THD of Vdc3 (%): (0.14+0.19)/2=0.17 
Average THD of  Vin_IPOS (%):(0.02+0.02)/2=0.02 
Average Relative Losses of Multi-Section Cables: (193+1627)/2=910 
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Appendix XX-27: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=40 μF and IC=40 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
IPOS Converter Input Capacitor Value: 40 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0 0 0 0.03 0.03 0 0 
Idc1 2.8 23 0.91 2.6 0.64 0.22 0.39 0.28 
I2 6.4 31 1.9 2.4 1.3 0.08 1 0.28 
I3 19 19 4 1.8 2.4 1 1.4 0.44 
 
Average THD of Vdc1 (%): (0.21+0.21)/2=0.21 
Average THD of Vdc2 (%): (0.18+0.21)/2=0.2 
Average THD of Vdc3 (%): (0.17+0.22)/2=0.2 
Average THD of  Vin_IPOS (%):(0.11+0.11)/2=0.11 







Appendix XX-28: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=400 μF and IC=0.4 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 
15 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0.2 0.2 0.18 0.18 0.17 0.17 0.15 0.15 
Idc1 0.75 2.3 0.33 0.21 0.33 0 0.17 0.02 
I2 1.6 3.1 0.66 0.71 0.33 0.33 0.33 0.34 
I3 23 27 10 12 6.6 7.3 4.8 5.3 
 
Average THD of Vdc1 (%): (0.03+0.02)/2=0.03 
Average THD of Vdc2 (%): (0.02+0.02)/2=0.02 
Average THD of Vdc3 (%): (0.02+0.02)/2=0.02 
Average THD of  Vin_IPOS (%):(0.38+0.38)/2=0.38 
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Appendix XX-29: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=400 μF and IC=0.4 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 0.02 1.8 0 0.21 0 0 0 0.02 
I2 0.25 2.1 0.02 0.17 0.01 0.01 0 0.02 
I3 1.2 1.7 0.38 0.22 0.19 0.19 0.13 0.15 
 
 
Average THD of Vdc1 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc2 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc3 (%): (0.01+0.01)/2=0.01 
Average THD of  Vin_IPOS (%):(0.02+0.02)/2=0.02 
Average Relative Losses of Multi-Section Cables: (2.3+11.1)/2 =6.7 
  
V/I         
339 
 
Appendix XX-30: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=400 μF and IC=0.4 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0.01 0.01 0 0 
Vdc3 0.02 0.01 0.03 0.03 0.24 0.24 0 0 
Vin_IPOS 0.14 0.11 0.58 0.58 6.5 6.5 0.04 0.04 
Idc1 0.38 2.7 0.13 0.61 0.28 0.59 0 0.35 
I2 2.8 2.9 2.8 2.8 8.5 8.3 0.04 0.33 
I3 24 22 52 49 225 218 1.9 2.8 
 
Average THD of Vdc1 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc2 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc3 (%): (0.25+0.24)/2=0.25 
Average THD of  Vin_IPOS (%):(6.6+6.6)/2=6.6 







Appendix XX-31: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=0.4 μF and IC=400 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
15 MW IPOS Converter Input Capacitor Value: 400 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 11 2.6 6.8 1.9 1.4 2.1 75 64 
Vdc2 9.1 1.4 5.5 2.1 0.84 0.88 36 31 
Vdc3 5.2 0.33 3.3 1.9 1.5 0.43 89 77 
Vin_IPOS 0.02 0.01 0.01 0 0 0 0.02 0.02 
Idc1 182 132 56 41 42 43 2447 2161 
I2 349 125 111 27 36 42 1349 1223 
I3 476 52 153 94 48 22 1887 1694 
 
Average THD of Vdc1 (%): (76+64)/2=70 
Average THD of Vdc2 (%): (38+31)/2=35 
Average THD of Vdc3 (%): (89+77)/2=83 
Average THD of  Vin_IPOS (%):(0.04+0.03)/2=0.04 
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Appendix XX-32: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=0.4 μF and IC=400 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
IPOS Converter Input Capacitor Value: 400 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 11 2.6 6.7 1.5 1.6 1.9 12 12 
Vdc2 8.9 1.7 5.2 1.7 0.9 1.1 5.7 5.5 
Vdc3 5.2 0.26 2.8 1.6 1.2 0.24 14 15 
Vin_IPOS 0.02 0 0 0 0 0 0 0 
Idc1 172 124 70 36 53 25 443 451 
I2 336 135 115 31 29 32 238 272 
I3 473 39 136 81 43 13 333 366 
 
 
Average THD of Vdc1 (%): (18+12)/2=15 
Average THD of Vdc2 (%): (12+6.2)/2=9.1 
Average THD of Vdc3 (%): (15+15)/2=15 
Average THD of  Vin_IPOS (%):(0.02+0)/2=0.01 
Average Relative Losses of Multi-Section Cables: (807665+475176)/2 =641421 
  
V/I         
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Appendix XX-33: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=0.4 μF and IC=400 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 0.4 μF 
IPOS Converter Input Capacitor Value: 400 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 11 2.6 6.7 1.5 1.6 1.9 12 12 
Vdc2 8.9 1.7 5.2 1.7 0.9 1.1 5.7 5.5 
Vdc3 5.2 0.27 2.8 1.6 1.2 0.24 14 15 
Vin_IPOS 0.02 0.01 0 0.01 0 0 0 0.01 
Idc1 175 126 70 38 54 27 463 439 
I2 339 138 117 31 31 32 249 266 
I3 478 41 140 84 45 14 348 357 
 
Average THD of Vdc1 (%): (18+12)/2=15 
Average THD of Vdc2 (%): (12+6.2)/2=9.1 
Average THD of Vdc3 (%): (15+15)/2=15 
Average THD of  Vin_IPOS (%):(0.03+0.03)/2=0.03 







Appendix XX-34: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=4 μF and IC=400 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
15 MW IPOS Converter Input Capacitor Value: 400 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.6 0.75 0.34 0.99 0.11 0.11 0.06 0.07 
Vdc2 1.5 1.1 0.05 2 0.1 0.1 0.06 0.08 
Vdc3 0.3 1.8 0.58 1.6 0.12 0.12 0.06 0.07 
Vin_IPOS 0.01 0 0.01 0.01 0 0 0 0 
Idc1 109 175 58 178 2.4 3.2 1.1 3.6 
I2 114 100 80 213 2.7 4.6 1.1 4.3 
I3 36 164 49 94 4.5 4.6 1.8 2.2 
 
Average THD of Vdc1 (%): (2.6+1.3)/2=2 
Average THD of Vdc2 (%): (1.5+2.4)/2=2 
Average THD of Vdc3 (%): (0.73+2.4)/2=1.6 
Average THD of  Vin_IPOS (%):(0.02+0.01)/2=0.02 
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Appendix XX-35: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=4 μF and IC=400 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
IPOS Converter Input Capacitor Value: 400 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.5 0.67 0.27 0.81 0.1 0.1 0.06 0.06 
Vdc2 1.5 1.1 0.24 1.2 0.1 0.09 0.06 0.08 
Vdc3 0.42 1.7 0.41 0.51 0.12 0.13 0.06 0.07 
Vin_IPOS 0 0 0 0 0 0 0 0 
Idc1 100 164 17 94 2 2.3 0.88 3.1 
I2 110 105 21 82 2.5 4.5 1.1 3.9 
I3 46 160 22 29 4.1 4.9 1.7 2 
 
 
Average THD of Vdc1 (%): (2.5+1.1)/2=1.8 
Average THD of Vdc2 (%): (1.5+1.6)/2=1.6 
Average THD of Vdc3 (%): (0.61+1.8)/2=1.2 
Average THD of  Vin_IPOS (%):(0+0)/2=0 
Average Relative Losses of Multi-Section Cables: (21079+71408)/2 =46244 
  
V/I         
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Appendix XX-36: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=4 μF and IC=400 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 4 μF 
IPOS Converter Input Capacitor Value: 400 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 2.5 0.67 0.27 0.81 0.1 0.1 0.06 0.06 
Vdc2 1.5 1.1 0.25 1.2 0.1 0.09 0.06 0.08 
Vdc3 0.42 1.7 0.41 0.51 0.12 0.13 0.06 0.07 
Vin_IPOS 0 0.01 0 0 0 0 0 0 
Idc1 101 164 18 96 2.2 2.6 1 3.2 
I2 111 105 23 83 2.6 4.2 1.1 4.2 
I3 45 161 23 28 4.2 4.7 1.7 2.1 
 
Average THD of Vdc1 (%): (2.5+1.1)/2=1.8 
Average THD of Vdc2 (%): (1.5+1.6)/2=1.6 
Average THD of Vdc3 (%): (0.61+1.8)/2=1.2 
Average THD of  Vin_IPOS (%):(0.03+0.04) /2=0.04 







 Appendix XX-37: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with SAB+Three Phase IPOS Converter when OC=400 μF and IC=4 
μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
15 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0.07 0.07 0.03 0.03 0.01 0.01 0.02 0.02 
Idc1 0.35 5.1 0.03 1.7 0 0.99 0 0.68 
I2 0.43 3.6 0.21 0.83 0 0.48 0 0.35 
I3 6.9 8.7 2.1 1.8 0.73 0.73 0.87 0.83 
 
Average THD of Vdc1 (%): (0.02+0.01)/2=0.02 
Average THD of Vdc2 (%): (0.01+0.02)/2=0.02 
Average THD of Vdc3 (%): (0.02+0.02)/2=0.02 
Average THD of  Vin_IPOS (%):(0.14+0.14)/2=0.14 






Percentage    




Appendix XX-38: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=400 μF and IC=4 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
IPOS Converter Input Capacitor Value: 4 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 0.1 1.9 0 0.21 0 0 0 0.02 
I2 0.18 2.1 0.02 0.17 0.01 0.01 0.01 0.02 
I3 1.3 1.8 0.41 0.25 0.23 0.23 0.21 0.23 
 
 
Average THD of Vdc1 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc2 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc3 (%): (0.01+0.01)/2=0.01 
Average THD of  Vin_IPOS (%):(0.02+0.02)/2=0.02 
Average Relative Losses of Multi-Section Cables: (2.7+11.3)/2 =7 
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Appendix XX-39: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=400 μF and IC=4 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
IPOS Converter Input Capacitor Value: 4 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.02 0.02 0 0 0.01 0.01 0 0 
Vin_IPOS 0.1 0.08 0.01 0.01 0.34 0.34 0 0 
Idc1 0.52 2.3 0.28 0.52 0.01 0.31 0 0.02 
I2 2.8 6.8 0.05 1.6 0.37 1.4 0 0.67 
I3 24 24 1.5 4.7 11 13 0.36 2.3 
 
Average THD of Vdc1 (%): (0.03+0.03)/2=0.03 
Average THD of Vdc2 (%): (0.03+0.03)/2=0.03 
Average THD of Vdc3 (%): (0.07+0.07)/2=0.07 
Average THD of  Vin_IPOS (%):(0.45+0.45)/2=0.45 







Appendix XX-40: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=400 μF and IC=40 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
15 MW IPOS Converter Input Capacitor Value: 40 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0.03 0.03 0.03 0.03 0 0 0 0 
Idc1 0.53 3.1 0.03 0.66 0.01 0.33 0 0.35 
I2 1.5 2.6 0.71 0.49 0.56 0.09 0.33 0.02 
I3 3.2 4.9 1.8 1.4 0.41 0.41 0.42 0.31 
 
Average THD of Vdc1 (%): (0.02+0.02)/2=0.02 
Average THD of Vdc2 (%): (0.02+0.01)/2=0.02 
Average THD of Vdc3 (%): (0.01+0.02)/2=0.02 
Average THD of  Vin_IPOS (%):(0.04+0.05)/2=0.05 
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Appendix XX-41: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=400 μF and IC=40 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
IPOS Converter Input Capacitor Value: 40 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0 0 0.01 0.01 0.01 0.01 0 0 
Idc1 0.12 1.8 0.01 0.21 0 0 0 0.02 
I2 0.23 2.1 0.03 0.16 0.01 0.01 0 0.02 
I3 1.2 1.6 0.56 0.4 0.3 0.3 0.07 0.05 
 
 
Average THD of Vdc1 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc2 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc3 (%): (0.01+0.01)/2=0.01 
Average THD of  Vin_IPOS (%):( 0.01+0.01)/2=0.01 
Average Relative Losses of Multi-Section Cables: (3+10.9)/2=7 
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Appendix XX-42: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=400 μF and IC= 40 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
IPOS Converter Input Capacitor Value: 40 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0.01 0 0 0 0.03 0.03 0 0 
Idc1 0.57 4.8 0.33 1.7 0.17 0.99 0 0.68 
I2 1.6 10 0.67 3.9 0.37 2.6 0.33 2 
I3 3.3 8.6 0.87 3.8 1.5 3.3 0.34 1.8 
 
Average THD of Vdc1 (%): (0.03+0.04)/2=0.04 
Average THD of Vdc2 (%): (0.03+0.04)/2=0.04 
Average THD of Vdc3 (%): (0.05+0.05)/2=0.05 
Average THD of  Vin_IPOS (%):(0.1+0.1)=0.1 







Appendix XX-43: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=40 μF and IC=400 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
15 MW IPOS Converter Input Capacitor Value: 400 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.16 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.2 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.15 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0.01 0.01 0.01 0 0 0 0 
Idc1 1.8 32 0.73 3.7 0.58 1 0.35 0.93 
I2 4.2 34 0.8 2.7 0.55 0.35 0.35 0.5 
I3 14 24 1.6 4.1 0.58 2.1 0.2 1.5 
 
Average THD of Vdc1 (%): (0.14+0.18)/2=0.16 
Average THD of Vdc2 (%): (0.14+0.21)/2=0.18 
Average THD of Vdc3 (%): (0.16+0.21)/2=0.19 
Average THD of  Vin_IPOS (%):(0.02+0.01)=0.02 
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Appendix XX-44: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=40 μF and IC=400 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
IPOS Converter Input Capacitor Value: 400 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0 0 0 0 0 0 0 0 
Idc1 2.2 23 0.41 2.6 0.26 0.1 0.23 0.24 
I2 3.9 31 0.79 2.4 0.5 0.02 0.35 0.23 
I3 14 19 1.7 1.7 0.64 0.61 0.44 0.45 
 
 
Average THD of Vdc1 (%): (0.14+0.14)/2=0.14 
Average THD of Vdc2 (%): (0.13+0.17)/2=0.15 
Average THD of Vdc3 (%): (0.14+0.19)/2=0.17 
Average THD of  Vin_IPOS (%):(0+0)/2=0 
Average Relative Losses of Multi-Section Cables: (185+1607)/2=896 
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Appendix XX-45: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=40 μF and IC=400 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
IPOS Converter Input Capacitor Value: 400 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.13 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.19 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0 0 0 0 0 0 0 0 
Idc1 2.1 23 0.45 2.6 0.32 0.14 0.23 0.28 
I2 4 31 0.69 2.6 0.35 0.29 0.35 0.47 
I3 14 20 1.9 2 0.57 0.83 0.43 0.56 
 
Average THD of Vdc1 (%): (0.14+0.14)/2=0.14 
Average THD of Vdc2 (%): (0.14+0.18)/2=0.16 
Average THD of Vdc3 (%): (0.15+0.2)/2=0.18 
Average THD of  Vin_IPOS (%):(0.04+0.04)=0.04 







Appendix XX-46: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with SAB+Three Phase IPOS Converter when OC=400 μF and IC=400 μF 
Converter Type: Unbalanced (SAB+ Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
15 MW IPOS Converter Input Capacitor Value: 400 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0.01 0.01 0.01 0.01 0 0 0 0 
Idc1 0.33 2.5 0.03 0.44 0 0 0 0.02 
I2 0.61 2.3 0.33 0.21 0.33 0 0 0.02 
I3 2.6 2.2 1.3 0.67 0.66 0.28 0.34 0.02 
 
Average THD of Vdc1 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc2 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc3 (%): (0.01+0.01)/2=0.01 
Average THD of  Vin_IPOS (%):(0.01+0.01)/2=0.01 
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Appendix XX-47: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency with Identical Three Phase IPOS Converter when OC=400 μF and IC=400 μF 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
IPOS Converter Input Capacitor Value: 400 μF 
Frequency 
  Harmonic 
Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0 0 0 0 0 0 0 0 
Idc1 0.05 1.9 0 0.21 0 0 0 0.02 
I2 0.14 2.2 0.01 0.19 0 0 0 0.02 
I3 1.3 1.3 0.03 0.19 0.03 0.03 0.02 0.01 
 
 
Average THD of Vdc1 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc2 (%): (0.01+0.01)/2=0.01 
Average THD of Vdc3 (%): (0.01+0.01)/2=0.01 
Average THD of  Vin_IPOS (%):(0+0)/2=0 
Average Relative Losses of Multi-Section Cables: (2.8+9.9)/2=6.4 
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Appendix XX-48: Percentage of Harmonic Wave Relative to the Base Value at the 
Dominate Frequency with (120 Degree Interlace) Identical SAB IPOS Converter when 
OC=400 μF and IC=400 μF 
Converter Type: Balanced (120 Degree Interlace) Identical SAB IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    120: 5 MW SAB 120 degree Phase Shift 
5 MW SAB Output Capacitor Value: 400 μF 
IPOS Converter Input Capacitor Value: 400 μF 
Frequency 
         Harmonic 
V/I        Percentage 
       (%)  
4 kHz 8 kHz 12 kHz 16 kHz 
Non 120 Non 120 Non 120 Non 120 
Vdc1 0.01 0.01 0 0 0 0 0 0 
Vdc2 0.01 0.01 0 0 0 0 0 0 
Vdc3 0.01 0.01 0 0 0 0 0 0 
Vin_IPOS 0 0 0 0 0 0 0 0 
Idc1 1.2 2.8 0.66 0.76 0.33 0.33 0.33 0.34 
I2 2.2 3.5 0.99 0.93 0.66 0.62 0.49 0.34 
I3 3.2 2.7 1.1 0.74 0.71 0.5 0.65 0.34 
 
Average THD of Vdc1 (%): (0.03+0.02)/2=0.03 
Average THD of Vdc2 (%): (0.02+0.02)/2=0.02 
Average THD of Vdc3 (%): (0.02+0.02)/2=0.02 
Average THD of  Vin_IPOS (%):(0.03+0.02)/2=0.03 







Appendix XXI The Percentage of Harmonic 
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Frequencies and the THD of Cable Terminal 
Voltages and the Total Relative AC Losses on 
the Cables in Double branch Systems Under 





Appendix XXI-1: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Double branch Systems with Identical SAB IPOS Converter Structure When 
the System is Working Under Wind Condition 5.5.1.5 
Converter Type: Balanced (Identical SAB) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.14 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.18 0.18 0.04 0.04 0.01 0.01 0.01 0.01 
Vdc3 0.16 0.12 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc4 0.13 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc5 0.13 0.16 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc6 0.13 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.2 0.15 0.01 0.01 0.4 0.4 0 0.01 
Idc1 6.1 19 0.72 4 0.38 1.7 0.34 0.94 
I2 26 13 3.1 2.4 1.1 1.5 0.33 1.1 
I3 48 38 2.7 3.5 13 14 0.51 1.4 
Idc4 5.3 17 1.6 2.7 0.84 0.85 0.72 0.33 
I4 3.6 17 1.3 3.1 0.94 1.2 0.69 0.72 




Percentage    





Average THD of Vdc1 (%): (0.29+0.31)/2 =0.3 
Average THD of Vdc2 (%): (0.29+0.31)/2 =0.3  
Average THD of Vdc3 (%): (0.27+0.26)/2 =0.27 
Average THD of Vdc4 (%): (0.19+0.19)/2 =0.19 
Average THD of Vdc5 (%): (0.18+0.2)/2 =0.19 
Average THD of Vdc6 (%): (0.18+0.18)/2 =0.18 
Average THD of  Vin_IPOS (%): (0.51+0.5)/2=0.51 
Average Relative Losses of Multi-Section Cables: (7622+7403)/2=7513 
 
Converter Type: Balanced (Identical SAB) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 
53 62 10 14 1.8 5.3 1 3.7 
6 kHz 10 kHz 14 kHz 
 Non 60 Non 60 Non 60 
2.3 8.9 1.4 5.2 0.8 3.7 
 
Average THD of Vo (%): (0.27+0.28)/2= 0.28 
Average Relative Losses on 100km Cables: (98+82)/2=90 











Appendix XXI-2: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Double branch Systems with Identical Three Phase IPOS Converter Structure 
When the System is Working Under Wind Condition 5.5.1.5 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.14 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.17 0.17 0.04 0.04 0.01 0.01 0.01 0.01 
Vdc3 0.13 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc4 0.13 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc5 0.13 0.15 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc6 0.13 0.14 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 5.2 17 0.64 3.1 0.33 0.97 0.22 0.33 
I2 19 5.8 3 1 0.89 0.55 0.21 0.26 
I3 13 13 2.1 1.4 0.65 0.61 0.41 0.49 
Idc4 3.6 17 0.72 2.6 0.4 0.78 0.24 0.23 
I4 3.9 16 1.1 2.7 0.73 1.1 0.45 0.56 




Percentage    
(%) V/I         
362 
 
Average THD of Vdc1 (%): (0.15+0.14)/2 =0.15 
Average THD of Vdc2 (%): (0.18+0.18)/2 =0.18 
Average THD of Vdc3 (%): (0.14+0.15)/2 =0.15 
Average THD of Vdc4 (%): (0.14+0.15)/2 =0.15 
Average THD of Vdc5 (%): (0.14+0.16)/2 =0.15 
Average THD of Vdc6 (%): (0.14+0.15)/2 =0.15 
Average THD of  Vin_IPOS (%): (0.03+0.03)/2=0.03  
Average Relative Losses of Multi-Section Cables: (587+994)/2=791 
 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 3.8 3.4 0.92 0.78 0.19 0.07 0.2 0 
 
Average THD of Vo (%): (0.02+0.02)/2= 0.2 
Average Relative Losses on 100km Cables: (0.34+0.3)/2=0.32 










Appendix XXI-3: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Double branch Systems with Identical SAB IPOS Converter Structure When 
the System is Working Under Wind Condition 5.5.1.6 
Converter Type: Balanced (Identical SAB) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.13 0.12 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.15 0.15 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.17 0.16 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc4 0.14 0.15 0.03 0.04 0.01 0.01 0.01 0.01 
Vdc5 0.15 0.15 0.04 0.04 0.01 0.01 0.01 0.01 
Vdc6 0.15 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.22 0.17 0.01 0.01 0.41 0.41 0 0.01 
Idc1 9 17 3.5 3.5 2.2 1.6 1.6 0.89 
I2 28 18 7.9 4.5 5.3 2.3 3.7 1.5 
I3 62 48 8.7 4.8 17 15 3.9 1.9 
Idc4 5.3 20 1.2 3.7 0.73 1.5 0.57 0.65 
I4 21 5.7 3.8 0.87 1.4 0.4 0.71 0.17 




Percentage    





Average THD of Vdc1 (%): (0.31+0.33)/2 =0.32 
Average THD of Vdc2 (%): (0.3+0.31)/2 =0.31  
Average THD of Vdc3 (%): (0.29+0.28)/2 =0.29 
Average THD of Vdc4 (%): (0.26+0.2)/2 =0.23 
Average THD of Vdc5 (%): (0.28+0.26)/2 =0.27 
Average THD of Vdc6 (%): (0.28+0.23)/2 =0.26 
Average THD of  Vin_IPOS (%): (0.52+0.5)/2=0.51 
Average Relative Losses of Multi-Section Cables: (8547+9296)/2=8922 
 
Converter Type: Balanced (Identical SAB) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 
64 75 9 11 1.7 3.8 0.82 2.7 
6 kHz 10 kHz 14 kHz 
 Non 60 Non 60 Non 60 
1.85 6.5 0.89 3.8 0.8 2.7 
 
Average THD of Vo (%): (0.3+0.45)/2= 0.38 
Average Relative Losses on 100km Cables: (101+83)/2=92 











Appendix XXI-4: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Double branch Systems with Identical Three Phase IPOS Converter Structure 
When the System is Working Under Wind Condition 5.5.1.6 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.17 0.14 0.04 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.12 0.11 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.14 0.17 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc4 0.14 0.15 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc5 0.15 0.15 0.03 0.04 0.01 0.01 0.01 0.01 
Vdc6 0.14 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 16 4.5 2.9 0.77 0.86 0.29 0.22 0.12 
I2 4.4 13 0.59 2.2 0.25 0.66 0.07 0.27 
I3 14 15 1.8 1.3 0.5 0.36 0.1 0.24 
Idc4 5.9 15 1.7 1.3 1.1 0.36 0.7 0.24 
I4 22 6.5 4.9 1.4 2.3 0.69 1.4 0.46 




Percentage    
(%) V/I         
366 
 
Average THD of Vdc1 (%): (0.18+0.15)/2 =0.17 
Average THD of Vdc2 (%): (0.13+0.12)/2 = 0.13 
Average THD of Vdc3 (%): (0.14+0.17)/2 =0.16 
Average THD of Vdc4 (%): (0.15+0.16)/2 =0.16 
Average THD of Vdc5 (%): (0.16+0.16)/2 =0.16 
Average THD of Vdc6 (%): (0.15+0.15)/2 =0.15 
Average THD of  Vin_IPOS (%): (0.02+0.03)/2=0.03  
Average Relative Losses of Multi-Section Cables: (1014+770)/2= 892 
 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 3.3 5.2 0.9 1 0.08 0.06 0 0 
 
Average THD of Vo (%): (0.01+0.02)/2= 0.02 
Average Relative Losses on 100km Cables: (0.71+1.08)/2=0.9 













Appendix XXI-5: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Double branch Systems with Identical SAB IPOS Converter Structure When 
the System is Working Under Wind Condition 5.5.1.7 
Converter Type: Balanced (Identical SAB) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.12 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.18 0.16 0.04 0.03 0.02 0.01 0.01 0.01 
Vdc3 0.16 0.19 0.03 0.04 0.02 0.02 0.01 0.01 
Vdc4 0.14 0.15 0.03 0.04 0.01 0.01 0.01 0.01 
Vdc5 0.15 0.16 0.03 0.04 0.01 0.01 0.01 0.01 
Vdc6 0.14 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.22 0.06 0.01 0.01 0.43 0.43 0.01 0.01 
Idc1 20 28 4.3 4.2 1.8 1.4 1.1 1.2 
I2 15 28 4.1 6.8 3 3.6 2 2.4 
I3 48 33 4 5.4 16 16 1.5 1.8 
Idc4 7.6 22 2.5 4.8 1.6 2.3 1.3 1.3 
I4 20 6.5 4.5 1.7 2.1 1.1 1.1 0.71 




Percentage    





Average THD of Vdc1 (%): (0.31+0.21)/2 =0.26 
Average THD of Vdc2 (%): (0.31+0.2)/2 =0.26 
Average THD of Vdc3 (%): (0.28+0.24)/2 =0.26 
Average THD of Vdc4 (%): (0.19+0.17)/2 =0.18 
Average THD of Vdc5 (%): (0.19+0.18)/2 =0.19 
Average THD of Vdc6 (%): (0.18+0.15)/2 =0.17 
Average THD of  Vin_IPOS (%): (0.54+0.5)/2 =0.52 
Average Relative Losses of Multi-Section Cables: (8477+7083)/2 =7780 
 
Converter Type: Balanced (Identical SAB) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 
65 52 9.7 5.3 3.8 1.7 2.6 0.8 
6 kHz 10 kHz 14 kHz 
 Non 60 Non 60 Non 60 
6.2 1.9 3.6 1 2.6 0.8 
 
Average THD of Vo (%): (0.34+0.3)/2 =0.32 
Average Relative Losses on 100km Cables: (106+78)/2 =92 











Appendix XXI-6: Percentage of Harmonic Wave Relative to the Base Value at the Dominate 
Frequency in Double branch Systems with Identical Three Phase IPOS Converter Structure 
When the System is Working Under Wind Condition 5.5.1.7 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =50 kV  Swb =10.31 m/s  Power =3.15 MW Idc =63 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 4 kHz 8 kHz 12 kHz 16 kHz 
Non 60 Non 60 Non 60 Non 60 
Vdc1 0.13 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vdc2 0.2 0.18 0.04 0.03 0.01 0.01 0.01 0.01 
Vdc3 0.18 0.19 0.04 0.04 0.01 0.01 0.01 0.01 
Vdc4 0.14 0.15 0.03 0.04 0.01 0.01 0.01 0.01 
Vdc5 0.15 0.15 0.03 0.04 0.01 0.01 0.01 0.01 
Vdc6 0.14 0.13 0.03 0.03 0.01 0.01 0.01 0.01 
Vin_IPOS 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Idc1 17 24 3.1 2.8 1.1 0.51 0.48 0.59 
I2 21 20 3.1 3.2 0.86 1.1 0.23 0.52 
I3 14 18 1.5 2.3 0.39 0.58 0.26 0.21 
Idc4 8.7 22 2.5 4.5 1.7 2.1 1.3 1.2 
I4 18 6.2 3.1 2 1 1.2 0.42 0.75 




Percentage    
(%) V/I         
370 
 
Average THD of Vdc1 (%): (0.14+0.13)/2 =0.14 
Average THD of Vdc2 (%): (0.2+0.18)/2 =0.19 
Average THD of Vdc3 (%): (0.19+0.2)/2 =0.2 
Average THD of Vdc4 (%): (0.16+0.17)/2 =0.17 
Average THD of Vdc5 (%): (0.16+0.16)/2 =0.16 
Average THD of Vdc6 (%): (0.16+0.15)/2 =0.16 
Average THD of  Vin_IPOS (%): (0.03+0.02)/2 = 0.03 
Average Relative Losses of Multi-Section Cables: (1581+2004)/2 =1793 
 
Converter Type: Balanced (Identical Three Phase) IPOS Converter 
Base Value: Vdc =400 kV  Swb =10.31 m/s  Power =18.9 MW Idc =47.25 A 
Non: 5 MW SAB No Phase Shift    60: 5 MW SAB 60 degree Phase Shift 
5 MW SAB Output Capacitor Value: 40 μF 
30 MW IPOS Converter Input Capacitor Value: 0.4 μF 
Frequency 0.5 kHz 1.5 kHz 2.5 kHz 3.5 kHz 
Non 60 Non 60 Non 60 Non 60 
Io 3.6 3.1 1.3 1.2 0.22 0.16 0.2 0 
 
Average THD of Vo (%): (0.01+0.01)/2= 0.01 
Average Relative Losses on 100km Cables: (1.07+0.91)/2=1 













Appendix XXII Operation of the Arduino Uno 
The switching frequency of the circuit is 20.3 kHz, and the port register method [156] is 
used in this hardware test. The Three Phase PWM operating code can be seen in Appendix 
X. 
When calculating the duty ratio of the circuit in Figure 3.3.1: 
a) The microcontroller clock speed is 16 MHz, which means the operation time of each 
register state, for example, PORTD= B01010100, is 62.5 ns. 
b) The operation time of the register state just before the delayMicroseconds will be 
“absorbed” by it, while the register state operating time will be doubled if it is 
written just after the delayMicroseconds. The running time of any statement between 
two delayMicroseconds will be doubled as well. 
c) Void loop () runs about 0.5µs 
From the above and combined with Figure XXII-1, the maximum duty ratio, which is also 





8 𝜇𝑠 × 3 + 62.5 𝑛𝑠 × 4
8 𝜇𝑠 × 6 + 62.5 𝑛𝑠 × 12 + 0.5 𝜇𝑠
= 0.492 
The duty ratio value of different switches can be a little bit different due to the unbalanced 
position of the Void Loop () statement. This phenomenon will not influence the working 
method of the converter but only introduce some minor error.  
 






Appendix XXIII Publications 
Three papers based on this research have so far been published. Another three papers is still 
being written for journals. 
 
The Effect of Converter Harmonics in Offshore High Voltage and 
Medium Voltage DC Networks 
X. Rong, D. E. Macpherson 





The Effect of High Power DC-DC Converter in Offshore Multi-
Terminal Medium and High Voltage DC Networks 
 X. Rong, D.E. Macpherson, J.K.H. Shek 




The Effect of Different Filters Connected to DC-DC Converters in 
Multi-Terminal HVDC System for Offshore Wind Farms 
X. Rong, D. E. Macpherson 






The Study of Different Unidirectional IPOS Connected DC-DC 
Converter Structures for Wind Farm Based Multi-Connected DC 
System. 
X. Rong, D. E. Macpherson 
This paper is still being written. 
 
 
The Effect of Filter Capacitors at the Multi-Connected Section of the 
Offshore Wind Farm Based Multi-Terminal DC System 
X. Rong, D. E. Macpherson 




The Study of the Offshore Wind Farm Based Multi-Terminal DC 
System Under Different Wind and Wind Farm Structures 
X. Rong, D. E. Macpherson 
This paper is still being written. 
 
 
 
 
 
 
 
